Chemistry of a Stable Vitamin C Glycoside in Apples (Malus spp.) and Other Fruit Crops by Richardson, Alistair Thomas Bloor
Chemistry of a Stable Vitamin C Glycoside in 
Apples (Malus spp.) and Other Fruit Crops 
 
Alistair T. B. Richardson 
Department of Chemistry 
University of Otago 
 
A thesis submitted for the degree of 









First and foremost I would like to thank Nigel, for his guidance and support over the last 
three years. Thank you for encouraging me to do the extra things I may have otherwise 
left to the wayside, and for helping me to keep the big picture in mind when caught up 
in the details. I would also like to thank my co-supervisor Dave for his invaluable 
knowledge and support with the synthetic component of this project. Thank you for 
putting me up in your lab, and consequently putting up with me in your lab. 
Next I would like to thank William Laing and Tony McGhie for their support of both me 
and this project. Thank you for the many hours dedicated to teaching me new skills, 
assisting with experiments and providing crucial insights. Without you this project 
would not have been possible. I am similarly grateful to the many other collaborators at 
both Plant & Food Research and the Otago Botany Department for both their scientific 
contributions and making me feel welcome at the many sites I visited across the 
country. Especially Claire Molloy for collections, Linley Jensen for statistical analyses 
and Andrew Dare for MALDI analyses, as well as Richard MacKnight, Robyn Lee, 
Richard Volz, Richard Espley, Robert Schaffer, Vincent Bus, Claire Scofield, Jung Cho, 
Janice Lord, Vickey Tomlinson and Nigel Joyce. 
Thanks to everyone in the PERU and DSL groups for your insights, technical expertise 
and daily banter. I am also grateful for staff and students of the Otago Chemistry 
Department for creating a supportive work environment. 
To my friends and family outside of Chemistry, thank you for providing balance in my 
life over the last three years. 
Lastly, I would like to thank my parents for their love and support in everything I do. 









The primary aim of the research described in this thesis was to investigate an ascorbyl 
glycoside tentatively identified in crab apples (Malus sylvestris) by a non-targeted 
metabolomics study (unpublished thesis, J. Cho, 2016). The interest in this metabolite 
arose from the possibility that it may be involved in the translocation of ascorbate from 
leaf to fruit in apples. This hypothesis was based on its similarities to tutin-glycosides 
and sucrose-glycosides which are utilised for long distance translocation in Coriaria and 
Cucurbita spp. respectively. The chemotaxonomy of the Coriaria genus was also 
investigated as part of this research (Appendix 2). 
Isolation of the target ascorbyl glycoside from crab apples was achieved via acetylation 
of the crude extract and subsequent purification. This compound was definitively 
characterised by comparison to a synthetic standard and found to be 2-O-β-D-
glucopyranosyl-L-ascorbic acid (AA2βGlc) (Fig. I). This derivative was found to have 
greater stability than ascorbate and was comparable to AA2αGlc, which is commonly 
used in cosmetic products as stabilised pro-vitamin C. This was only the third reported 
occurrence of an ascorbyl glycoside in plants, and the second report of this specific 
metabolite.  
 
Fig. I. Structure of AA2βGlc, an ascorbyl glycoside isolated from crab apples and identified 
in a wide range of fruit crops. 
Quantitative HILIC LC-MS was used to analyse leaf and fruit tissue of five apple 
genotypes at three separate collection dates representing the start, middle and end of 
fruit development. Crab apples were found to have an extremely high concentration of 
AA2βGlc in their fruit (>500 mg/100 g FW), but only trace quantities (<10 mg/100 g 
FW) were detected in fruit of domestic cultivars (Braeburn and Royal Gala). Leaves of 
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all varieties contained AA2βGlc at similar concentrations (approx. 30 mg/100 g FW). A 
significant increase in AA2βGlc concentration was observed between the start and 
middle of fruit development (October-December). Collection and analysis of fruit and 
leaf material from an additional 12 fruit crops, predominantly of the Rosaceae family, 
revealed that they also contained AA2βGlc in their leaves. While previously thought to 
be rare, these results extend the known occurrence of this metabolite to 14 species and 
five families. 
Based on the distribution in leaves and fruit it was proposed that AA2βGlc was utilised 
as a stabilised form of ascorbate for translocation between leaves and fruit (Fig. II). In 
order to provide evidence for this hypothesis phloem exudates of five apple genotypes 
were analysed by HILIC LC-MS. AA2βGlc was present in phloem of all genotypes, but 
ascorbate was found at greater concentrations, which showed that AA2βGlc was not the 
major form of translocated ascorbate. Glucosidase assays were used to determine if 
enzyme activity indicative of phloem unloading, i.e. hydrolysis of AA2βGlc to ascorbate, 
was present in any of the five apple genotypes. Protein extracts of stems and leaves 
were found to have generic β-glucosidase activity, but none of the tissue types tested 
showed activity towards AA2βGlc. Further work is required to understand the biological role 
of this metabolite in apples. 
 
 
Fig. II. The proposed role of AA2βGlc in the translocation of ascorbate from leaf to fruit. 
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The synthesis of four ascorbyl glycosides was achieved, establishing the structure of the 
naturally occurring metabolite and providing a valuable resource to the experiments 
described above. Previously unreported routes to access AA2βGlc and AA2βGal, as well 
as methodology towards AA5βGlc and AA6βGlc, are described. Inconsistencies in the 
reported NMR data for ascorbyl glycosides were clarified by demonstrating that these 
spectra were highly pH dependent.  
This work dramatically enhances what is known regarding ascorbyl glycosides in plants 
and provides a foundation from which to determine the physiological role of this 
previously overlooked metabolite. Further work should focus on more rigorous 
biological experiments to determine whether the accumulation of AA2βGlc in crab 
apples is a result of translocation from leaves or in situ biosynthesis. This may lead to 
the development of cultivars with increased vitamin C concentrations, consequently 











Acknowledgements ......................................................................................................................... I 
Abstract ............................................................................................................................................ III 
Contents ........................................................................................................................................... VII 
Abbreviations .................................................................................................................................. XI 
Chapter 1: Introduction ................................................................................................................ 1 
1.1. The study of secondary metabolites in plants ............................................................................ 1 
1.2. Localisation and transport of plant secondary metabolites ................................................. 4 
1.2.1. Transmembrane transport ........................................................................................................ 4 
1.2.2. Long distance translocation via vascular tissue ................................................................ 5 
1.2.3. Transport via glycosylation ....................................................................................................... 7 
1.3. Crops and their phytochemicals ...................................................................................................... 9 
1.3.1. Crop production ............................................................................................................................. 9 
1.3.2. Phytochemicals and human health ....................................................................................... 11 
1.3.3. Phytochemicals in planta .......................................................................................................... 14 
1.4. Ascorbic acid (vitamin C) .................................................................................................................. 15 
1.4.1. Chemistry of ascorbic acid ....................................................................................................... 15 
1.4.2. Ascorbic acid in human health ............................................................................................... 17 
1.4.3. Ascorbic acid in planta ............................................................................................................... 20 
1.5. Research outline ................................................................................................................................... 23 
Chapter 2: Identification ............................................................................................................. 25 
2.1. Introduction ........................................................................................................................................... 25 
2.1.1. Apples ............................................................................................................................................... 25 
2.1.2. Ascorbyl glycosides ..................................................................................................................... 28 
2.1.3. Identification of an ascorbyl glycoside in crab apples .................................................. 30 
2.2. Results and discussion ....................................................................................................................... 33 
2.2.1. Preliminary work ......................................................................................................................... 33 
2.2.2. Derivatisation of ascorbyl glycosides .................................................................................. 37 
2.2.3. Isolation and characterisation ................................................................................................ 41 
VIII 
 
2.2.4. Stability of ascorbyl glycosides .............................................................................................. 45 
2.3. Conclusion .............................................................................................................................................. 47 
2.4. Experimental ......................................................................................................................................... 49 
2.4.1. General ............................................................................................................................................. 49 
2.4.2 Derivatisation of relevant metabolites ................................................................................. 51 
2.4.3 Isolation and characterisation ................................................................................................. 56 
2.4.4 Stability study ................................................................................................................................ 57 
Chapter 3: Distribution ............................................................................................................... 59 
3.1. Introduction ........................................................................................................................................... 59 
3.1.1. Localisation & variation of plant metabolites ................................................................... 59 
3.1.2. Distribution of ascorbic acid in plants ................................................................................. 62 
3.1.3. Chapter outline ............................................................................................................................. 66 
3.2. Results and discussion ....................................................................................................................... 67 
3.2.1. Quantification of AA2βGlc in apples ..................................................................................... 67 
3.2.2. Quantification of AA2βGlc in other Rosaceae crops ....................................................... 76 
3.2.3. Distribution and proposed role of AA2βGlc ...................................................................... 84 
3.3. Conclusion .............................................................................................................................................. 86 
3.4. Experimental ......................................................................................................................................... 87 
3.4.1. General ............................................................................................................................................. 87 
3.4.2 Quantitative analysis of apples ................................................................................................ 87 
3.4.3 Quantitative analysis of Rosaceae crops .............................................................................. 89 
Chapter 4: Transport ................................................................................................................... 91 
4.1. Introduction ........................................................................................................................................... 91 
4.1.1. The study of secondary metabolite transport in plants ............................................... 91 
4.1.2. Ascorbate transport in crops .................................................................................................. 95 
4.1.3. Hypothesis on ascorbate transport in apples ................................................................... 98 
4.1.4. Chapter outline .......................................................................................................................... 102 
4.2. Results and discussion .................................................................................................................... 103 
4.2.1. Preliminary investigation of apple phloem .................................................................... 103 
4.2.2. Method development for phloem sampling ................................................................... 105 
4.2.3. Full analysis of apple phloem ............................................................................................... 110 
4.2.4. Biosynthesis and hydrolysis of AA2βGlc ......................................................................... 119 
4.3. Conclusion ........................................................................................................................................... 128 
IX 
 
4.4. Experimental ...................................................................................................................................... 129 
4.4.1. General .......................................................................................................................................... 129 
4.4.2. Preliminary phloem and twig measurements ............................................................... 129 
4.4.3. Phloem method development studies .............................................................................. 130 
4.4.4. Analysis of apple phloem ....................................................................................................... 132 
4.4.5. Enzyme assays ........................................................................................................................... 132 
Chapter 5: Synthesis .................................................................................................................. 135 
5.1. Introduction ........................................................................................................................................ 135 
5.1.1. Enzymatic syntheses ............................................................................................................... 136 
5.1.2. Chemical syntheses .................................................................................................................. 138 
5.1.3. Aims and objectives ................................................................................................................. 143 
5.2. Results and discussion .................................................................................................................... 144 
5.2.1 Synthesis of 2-O-β-D-Glycosides of Ascorbic Acid ........................................................ 144 
5.2.2 Synthesis of 6-O-β-D-Glucopyranosyl-L-Ascorbic Acid .............................................. 163 
5.3. Conclusion ........................................................................................................................................... 173 
5.4. Experimental ...................................................................................................................................... 174 
5.4.1. General .......................................................................................................................................... 174 
5.4.2. Synthetic procedures .............................................................................................................. 174 
Chapter 6: Conclusion ............................................................................................................... 203 
6.1. Summary of results .......................................................................................................................... 203 
6.2. Further work ...................................................................................................................................... 206 
6.2.1. Transport of AA2βGlc.............................................................................................................. 206 
6.2.2. High vitamin C apples ............................................................................................................. 209 
Bibliography ................................................................................................................................ 211 
Appendices ................................................................................................................................... 230 
Appendix 1. Quantitative LC-MS data ............................................................................................... 230 
A1.1 Quantification of ascorbate and AA2βGlc in apples from Havelock North .......... 230 
A1.2 Quantification of ascorbate and AA2βGlc in Rosaceae and other fruit crops from 
Clyde .......................................................................................................................................................... 232 
Appendix 2. Picrotoxanes of Coriaria ................................................................................................ 234 
A2.1. Introduction................................................................................................................................. 234 
A2.2. Results and discussion ............................................................................................................ 244 
A2.3. Conclusion .................................................................................................................................... 253 
X 
 










AA2βGal 2-O-β-D-galactopyranosyl-L-ascorbic acid 
AA2βGlc 2-O-β-D-glucopyranosyl-L-ascorbic acid 
AA5βGlc 5-O-β-D-glucopyranosyl-L-ascorbic acid 
AA6βGlc 6-O-β-D-glucopyranosyl-L-ascorbic acid 
Ac Acetyl 





DMSO Dimethyl sulfoxide 
DW Dry weight 
ESI  Electrospray ionisation 
EtOAc Ethyl acetate 
EtOH Ethanol 
FW Fresh weight 
HILIC Hydrophilic Interaction Chromatography 
HMBC Heteronuclear Multiple Bond Correlation 
HPLC High Performance Liquid Chromatography 
HRMS High Resolution Mass Spectrometry 
HSQC Heteronuclear Single Quantum Correlation 
LC-MS Liquid chromatography-mass spectrometry 
m/z Mass to charge ratio 




MPA m-phosphoric acid 
MSI Mass spectrometry imaging 
NMR Nuclear magnetic resonance 




RPLC Reverse phase liquid chromatography 
TBAB Tetrabutylammonium bromide 
TCA Trichloroacetimidate 
TCEP Tris(2-carboxyethyl)phosphine 









Chapter 1: Introduction 
1.1. The study of secondary metabolites in plants 
Plants, in particular land plants, are an essential part of life on earth (Kenrick and Crane, 
1997). Not only do they convert sunlight to chemical energy and provide oxygen to our 
atmosphere via photosynthesis and respiration, but they also constitute a natural 
resource with a plethora of uses (Kenrick et al., 1997). Since their appearance on earth 
some 700 million years ago, terrestrial plants have populated every available niche, 
gradually evolving into an immense subkingdom of life (Kenrick et al., 1997; Wink, 
2003; Wink et al., 2010). As the plants inhabited new areas and experienced different 
conditions they adapted to form new species (Kenrick et al., 1997; Wink, 2003; Wink et 
al., 2010). While the primary functions of these plants, such as growth and 
reproduction, remained unchanged, the secondary metabolic pathways diversified, and 
with them their chemistry (Dennis et al., 1997; Wink, 2003; Wink et al., 2010). Although 
they are not considered essential, secondary metabolic pathways produce compounds 
that support the plant by aiding its survival in certain environments (Harborne, 1994; 
Demain and Fang, 2000). This evolutionary advantage may come from a toxin to 
prevent herbivory, pigmentation to provide UV protection, or another one of the many 
ecological roles performed by products of secondary metabolism (Harborne, 1994; 
Demain et al., 2000). These compounds are referred to as secondary metabolites, 
phytochemicals or natural products, many of which have played a vital role in human 
history (Harborne, 1994; Demain et al., 2000; Wink, 2003; Newman and Cragg, 2007; 
Colegate and Molyneux, 2008; Wink et al., 2010). 
Ever since ancient times, humans have exploited natural resources for a variety of 
purposes, perhaps driven by curiosity, instinct or simply hunger. The ability to cure 
disease, heal the wounded, and even create artworks was all possible using these plant 
based materials (Kenrick et al., 1997; Dias et al., 2012). Over time the mystery behind 
these properties was slowly unravelled as knowledge was documented and a scientific 
understanding was developed. This movement was pioneered by the Egyptians, Greek, 
and Chinese all of whom documented the use of natural compounds thousands of years 




these natural products for a variety of applications. In modern day society plant derived 
compounds can be found in virtually all major industries where their valuable 
properties have been harnessed for commercial success. Agrochemicals, perfumes, food 
additives and dyes are just some of the products in which natural products have been 
utilised (Tilkari et al., 2007; Cantrell et al., 2012; Lamberth et al., 2013; Harvey et al., 
2015). However, as has always been the case in natural products chemistry, the 
pharmaceutical value of these molecules remains in the spotlight (Newman et al., 2007; 
Dias et al., 2012; Harvey et al., 2015). This attention is justified not only by the fact that 
80% of the world’s population rely on plant derived remedies as a primary form of 
health care, but also by the discovery of specific molecules which have revolutionised 
medicine (Newman et al., 2007; Dias et al., 2012; Harvey et al., 2015). Examples of the 
later include the analgesic morphine from opium poppy (Papaver somniferum)(Fig. 1.1), 
and the anticancer compound paclitaxel from a pacific yew tree (Taxus brevifolia) 
(Jordan and Walsh, 2001; Dias et al., 2012). Given the history of plant secondary 
metabolites in human survival it is clear to see their value to society as well as the 








Fig. 1.1. Salicylic acid (top left) and the plant from which it was first isolated, Salix alba 
(bottom left). Morphine (top right) and Papaver somniferum (bottom right) from which it 
was isolated. 
While the uses of natural products have been developed and refined over the years, so 




first achieved using primitive chromatography combined with crystallisation (Colegate 
et al., 2008; McChesney and Rodenburg, 2014). This led to the isolation of morphine by 
Sertürner in 1804 and subsequently salicylic acid, a precursor for aspirin, by Buchner in 
1828 (Fig. 1.1.) (Kirby, 1967; Schmitz, 1985; Dias et al., 2012). Further advances in 
spectroscopy and synthetic methodology led to the structural elucidation of these 
natural products, allowing them to be visualised for the first time (Colegate et al., 2008; 
Dias et al., 2012; McChesney et al., 2014). The techniques developed in order to enhance 
our understanding of secondary metabolites have formed the foundation for modern 
organic chemistry, a field in which the complexities of natural products continue to 
provide inspiration.  
Once the structures of natural products could more readily be solved, attention turned 
to the mechanisms by which plants were able to construct these compounds. These 
investigations attempted to shed light on the biosynthetic pathways of secondary 
metabolism (Kirby, 1967; Dennis et al., 1997; Wink, 2003). The sequence of chemical 
transformations, the enzymes that perform them, and finally the genes that hold the 
secrets to making these molecules have now been added to our understanding of 
biosynthesis in planta (Kirby, 1967; Dennis et al., 1997; Wink, 2003). However, while 
structure, synthesis and biological activity are well established for many natural 
products, comparatively little is known regarding the location, transport and ecological 
role of these compounds in planta (Harborne, 1994; Demain et al., 2000; Wink et al., 
2010; Shitan, 2016). For example, the structure of morphine was proposed in 1927 and 
a biosynthetic sequence in 1965, but the location of biosynthesis and mechanism of 
transport have only become a focus of research since the turn of the 21st century (Kirby, 
1967; Schmitz, 1985; Bird et al., 2003; Shitan, 2016). Many other natural products 
follow a similar narrative highlighting an apparent gap in current knowledge (Shitan, 
2016). The availability of more sensitive analytical techniques means it is now possible 
to examine the phytochemical profile of different tissues, trace their movement, and 
monitor their production at each stage of development. Knowledge gained from such 
studies is the key to gaining a greater understanding of the ecological role these 
compounds perform whether it be in growth, signalling or defence (Shitan, 2016). This 
may in turn allow us to optimise the production, distribution and profile of these 




1.2. Localisation and transport of plant secondary metabolites 
In order to perform their function, secondary metabolites often accumulate in a specific 
cell type or subcellular structure (Wink, 1987; Dennis et al., 1997; Demain et al., 2000). 
For example, β-triketones are localised in oil glands near the surface of Leptospermum 
leaves where they may provide protection from herbivory (Killeen et al., 2015). In many 
cases it has been presumed that the location of biosynthesis is simply the same as that 
of accumulation (Wink and Roberts, 1998; Bird et al., 2003; Weid et al., 2004; Shitan, 
2016). However, studies have found that the cells accumulating secondary metabolites 
are often incapable of their biosynthesis, as they do not possess the necessary enzymes 
(Bird et al., 2003; Weid et al., 2004; Yazaki, 2005; Shitan, 2016). This raises several 
questions regarding the location of biosynthesis, as well as the mechanisms by which 
specific compounds can move between the site of synthesis and accumulation. 
Consequently the spatial coordination, regulation and transport of compounds involved 
in plant metabolism is a rapidly growing area of investigation (Shitan, 2016). 
1.2.1. Transmembrane transport 
For some plants, the distance that metabolites need to be transported is on the cellular 
level, in which case the only barriers are cell membranes. An example which 
demonstrates the importance of membrane transport in secondary metabolism is 
monoterpene biosynthesis in Mentha species such as peppermint (Croteau et al., 2005; 
Kutchan, 2005). In this case synthesis and accumulation is confined to the peltate 
glandular trichomes, microscopic structures on leaf surfaces that consist of one basal 
cell, eight glandular secretory cells and a sub-cuticular oil storage cavity (Fig. 1.2.) 
(Kutchan, 2005). Monoterpene biosynthesis occurs exclusively in the secretory cells 
from which products are transported to the storage cavity (Croteau et al., 2005; 
Kutchan, 2005). While monoterpenes are synthesised in a single cell type the 
organisation of this process is complex and utilises four sub-cellular compartments 
(Croteau et al., 2005; Kutchan, 2005). The transport between these sub-cellular 
structures must be rigidly controlled. This is just one example of the many instances 
that highlight the requirement for membrane transporters specific for secondary 
metabolites and their precursors. It is also clear that transmembrane movement is a 






Fig. 1.2. Peltate glandular trichomes on the leaf surface (left). Representation of a peltate 
glandular trichome showing cellular structure (right) (Kutchan, 2005). 
The identification of secondary metabolite transport mechanisms in planta has grown 
rapidly in the past decade with hundreds of proteins now implicated in transmembrane 
transport of these molecules (Yazaki, 2005; Yazaki, 2006; Shitan, 2016). Progress has 
been a result of the widespread availability of genetic sequencing, as well as advances in 
the associated databases, leading to identification of genes that encode a variety of 
transporters in the plant genome (Shitan, 2016). This has enhanced our understanding 
of which membrane bound proteins are involved in secondary metabolite transport and 
how this fits into the current knowledge of biosynthetic pathways and accumulation in 
specific tissues (Shitan, 2016). 
1.2.2. Long distance translocation via vascular tissue 
In some cases metabolites need to be transported on a much larger scale, from one 
tissue type to another. In these situations it is less the work of a single membrane 
transporter and more to do with the function of the plants’ vascular system, specifically 
the phloem. Vascular tissue is the blood stream of plants, responsible for the 
translocation of water, nutrients, and signalling molecules (Lough and Lucas, 2006; 
Evert and Eichhorn, 2013; Schepper et al., 2013). This system is made up of two major 
components known as xylem and phloem (Fig. 1.3.) (Evert et al., 2013). The primary 
function of xylem is to transport water, as well as soluble mineral nutrients, from the 
roots to the leaves of the plant (Lough et al., 2006; Schepper et al., 2013). While xylem 
transport is relatively predictable, the movement and composition of phloem is much 
more complex (Lough et al., 2006; Schepper et al., 2013; Knoblauch et al., 2016). The 




elements which are long tubular cells with large pores at either end to allow movement 
of sap into the next cell. Since sieve elements do not contain a nucleus and only have 
limited organelles they rely on neighbouring companion cells for resources. Companion 
cells are smaller but more complex (Fig. 1.3) (Evert et al., 2013). The role of the phloem 
is to translocate organic resources, primarily sugars produced by photosynthesis, from 
their tissue of origin (source) to the tissues in which they are required for growth or 
storage (sink). While xylem transport is typically unidirectional, the phloem can move 
metabolites in either direction depending on the needs of the plant (Lough et al., 2006; 
Evert et al., 2013; Schepper et al., 2013; Knoblauch et al., 2016).  
 
Fig. 1.3. Location of the vascular tissues phloem and xylem in a plant stem (Left). 
Representation of phloem with two sieve elements and an adjoining companion cell (right) 
(Evert et al., 2013). 
The most widely accepted model of phloem translocation was proposed by Ernst Munch 
and is based on a difference in the osmotic pressure between source and sink tissues 
(Knoblauch et al., 2016). Loading sugars into source phloem creates a high local 
concentration and pulls water into the phloem; this subsequently creates a pressure 
capable of moving phloem away from source tissue. As phloem reaches the sink tissue 
the sugars are actively removed from the phloem, which maintains a low local 
concentration and keeps the source-sink gradient in place. Despite its acceptance in the 
literature, convincing experimental evidence for Munch’s theory has only recently been 
published (Knoblauch et al., 2016). The reason for this delay was primarily the difficulty 
associated with taking non-disruptive measurements of phloem pressure in planta 




The transport of generic photoassimilates, primarily sugars, via the phloem is a 
relatively well understood process (Turgeon and Wolf, 2009; Schepper et al., 2013). 
Mature leaves are the largest source of carbon resources while roots and young leaves 
are typically the strongest carbon sinks. This is because they are either growing rapidly 
or have a reduced capacity to undertake photosynthesis and therefore require 
resources to be imported from another part of the plant (Arnold et al., 2004; Turgeon et 
al., 2009; Schepper et al., 2013). However, the allocation of these resources is not 
constant and may change dramatically in response to environmental stresses such as 
herbivory or microbial infection. Many studies have examined this reallocation process 
and found that in some cases resources are allocated to the damaged tissue in order to 
mount a defence, while in others resources are moved away in order to protect and 
preserve the rest of the plant (Babst et al., 2004; Schwachtje and Baldwin, 2008; Dinant 
et al., 2010; Ferrieri et al., 2013; Schultz et al., 2013; Robert et al., 2014; Lundborg et al., 
2016). 
1.2.3. Transport via glycosylation 
The mechanisms by which these resources are transported and the form they are 
transported in have also been discussed in the literature. The loading of carbohydrates 
into the phloem at source tissues can be achieved by two different mechanisms (Lough 
et al., 2006; Schepper et al., 2013). The first method employs active transport to create a 
high sugar concentration in sieve elements at the source tissue and is known as 
apoplastic transport, as compounds are moved via the apoplastic space (Lough et al., 
2006; Knoblauch et al., 2016). The second method is simple diffusion into the cytoplasm 
of the sieve elements, which is followed by polymerisation to create larger molecules 
incapable of moving back into source tissue (Lough et al., 2006). This is known as a 
polymer trapping mechanism or symplastic translocation and relies on enzymes at sink 
tissues to hydrolyse the polymer allowing sugars to be absorbed into the sink tissue 
(Lough et al., 2006). This mechanism is exemplified by the translocation of sucrose in 
cucurbits (zucchini) (Fig. 1.4.). After biosynthesis in mature leaves (source tissue) 
sucrose is moved into minor phloem veins where it is glycosylated to give raffinose thus 
preventing transport back into the leaf (Lough et al., 2006; Gaupels and Ghirardo, 
2013). The raffinose then moves out of the leaf to the major phloem vein where it is 




subsequently sink tissue, the reverse process occurs allowing for uptake of sucrose 
from sink phloem (Fig. 1.4.) (Lough et al., 2006; Gaupels et al., 2013). 
 
Fig. 1.4. Transport of tutin in Coriaria (left) and sucrose in cucurbits (right), both of which 
are thought to be translocated from source to sink tissue via successive glycosylations that 
allow for phloem movement.  
The translocation of sucrose and other primary carbon resources is well documented 
and intercellular movements of secondary metabolites are rapidly becoming part of the 
literature (Yazaki, 2006; Turgeon et al., 2009; Schepper et al., 2013; Shitan, 2016). 
However, knowledge of how specific secondary metabolites are transported over long 
distances in plants is a comparatively unexplored area. The earliest investigation of 
secondary metabolite transport was that of nicotine in the tobacco plant Nicotiana 
tabacum (Dawson, 1941). Three successive publications by Dawson provided 
convincing evidence in favour of his hypothesis that nicotine was synthesised in roots 
and subsequently transported to leaves (Dawson, 1941; Dawson, 1942; Dawson, 1942). 




tissues distal to the site of biosynthesis, few studies have investigated the transport 
process itself (Dennis et al., 1997; Wink et al., 1998; Knoblauch et al., 2016; Shitan, 
2016). One notable exception is the translocation of the picrotoxane tutin from mature 
to young leaves in the New Zealand native plant tutu (Coriaria arborea) (Watkins et al., 
2018). LC-MS analysis of individual plant tissues, including phloem exudates, identified 
mono- and di-glycosides of this neurotoxic secondary metabolite (Fig. 1.4.). The 
distribution of these glycosides was analogous to that observed for sucrose, raffinose 
and stachyose in Cucurbitaceae (Haritatos et al., 1996). Based on these results it was 
proposed that tutin was transported from mature to young leaves via a polymer 
trapping mechanism (Fig 1.4.) (Watkins et al., 2018).  
Despite the immense number of metabolites that have been identified in plants, there 
are only a handful of examples in which the translocation of these metabolites has been 
specifically examined (Chamberlain et al., 1993; Chen et al., 2001; Buer et al., 2007; 
Thorpe et al., 2007). Not only does this suggest there is much we do not know regarding 
the movement of metabolites, but also that this is an area with great potential. 
Understanding where, when, and how specific metabolites are moved between different 
tissues may shed light on the regulation of key processes such as growth, signalling, and 
defence. This knowledge will lead to greater control of these processes and 
subsequently allow for the production of plants with the most desirable profile and 
localisation of phytochemicals. 
1.3. Crops and their phytochemicals 
1.3.1. Crop production 
The cultivation of plants for human consumption dates back over 10,000 years 
(Federico, 2008). Combined with the domestication of livestock these skills allowed our 
nomadic ancestors to settle in a single location for the first time. From these primitive 
beginnings agriculture blossomed alongside humans to feed our ever expanding 
population. To keep up with demand, improved methods have been implemented and 
new technologies developed. In the 21st century the growth and production of plant 
based food is still an essential part of our civilisation, and is carried out on a scale that is 




output, which equates to more than $1.5 trillion NZD per annum (FAO, 2018). India and 
the United States make up the top 3. While cereals such as rice, wheat and corn are 
produced in the greatest quantities, other crops such as fruits, vegetables, nuts and 
legumes also contribute significantly to the world’s economy (FAO, 2018). Different 
countries typically specialise in the production of specific crops based on the climate, 
available land and global demand. For example South America, particularly Brazil, are 
known for their coffee beans and export approximately 3 million tonnes per year (FAO, 
2018).  
 
Fig. 1.5. List of New Zealand’s major horticultural products ranked based on their export 
value (FreshFacts, 2019). fob = freight on board, designating that shipment costs are paid 
by the buyer and are included in the above values. 
The New Zealand economy is highly reliant on agricultural output, with an annual 
export value of $25.9 billion in this area (FreshFacts, 2019). While the majority of these 
products are meat and dairy, horticultural exports make up over a quarter of the total 
value. Kiwifruit, wine and apples are the most significant contributors to this total, but 




are shipped worldwide, with Australia, Asia and North America the largest buyers 
(FreshFacts, 2019). The total value of New Zealand’s horticultural exports has steadily 
increased over the last 20 years, despite setbacks to the industry such as loss of 
kiwifruit vines to Psa infections (Pseudomonas syringae pv. actinidiae) (Fig. 1.6) 
(Cameron and Sarojini, 2014; FreshFacts, 2019). This growth reflects the investment 
and innovation that has kept New Zealand relevant on global scale despite our 
comparatively small landmass and economy.  
 
Fig. 1.6. The value of New Zealand’s annual horticultural exports has steadily increased 
over the past 20 years (FreshFacts, 2019). 
1.3.2. Phytochemicals and human health 
A colossal volume of crops are produced each year in order to feed an ever increasing 
population (FAO, 2018). In western culture it is widely thought that a diet rich in fruit 
and vegetables is important for long term health, a fact that is perhaps surprising given 
the number of conflicting opinions the public are exposed to with regard to nutrition 
(Nichter, 2008). This assertion is backed by the World Health Organisation (WHO) who 
recommend a daily intake of 400 g of fruit and vegetables per person. In addition to this 




marketing campaigns analogous to New Zealand’s ‘5+ a Day’ (WHO, 2019). 
Recommendations such as these are founded on large epidemiological studies which 
examine links between diet and disease (Yahia, 2018). The investigations all point to an 
inverse associated between fruit and vegetable intake and chronic diseases, including 
many types of cancer as well as cardiovascular and neurodegenerative diseases (Berger 
et al., 2012; Cicero and Colletti, 2017; Yahia, 2018; Liskova et al., 2019). While it is clear 
that fruit and vegetables are the answer to the ever increasing prevalence of these 
chronic diseases, the mechanisms by which they work is still under close examination. 
To bridge this gap in knowledge and potentially uncover cures for these conditions the 
chemical composition of fruits and vegetables has come into the spotlight. More 
specifically the type, concentration and biological function of the phytochemicals 
present in these plant tissues have been closely examined (Boyer and Liu, 2004; Berger 
et al., 2012; Cicero et al., 2017; Miguel-Chavez, 2017; Yahia, 2018).  
Thousands of different chemical compounds with a plethora of biological activities have 
been identified in the plants we consume on a daily basis. Some of these phytochemicals 
are ubiquitous in plants while others are only found in a smaller subset of crops, such as 
those belonging to a specific family. Phytochemicals have been classified in many 
different ways, by structure, function, colour, or simply the food group in which they are 
most prevalent. The most commonly used classification system includes four major 
categories based on the structure of the secondary metabolite. These are phenolics, 
carotenoids, alkaloids, and sulfur containing phytochemicals (Fig. 1.7) (Demain et al., 
2000; Wink, 2003; Boyer et al., 2004; Berger et al., 2012; Cicero et al., 2017; Miguel-





Fig. 1.7. Examples of common phytochemicals from each of the four major classes. 
Quercetin (phenolic), caffeine (alkaloid), allylglucosinolate (sulfur containing), lycopene 
(carotenoid). 
For some metabolites the exact mechanism and effect on human health is well reported. 
For example, the vitamins A, B, C and E have been studied extensively due to their vital 
roles in the human body (Yahia, 2018). However, the vast majority of plant metabolites 
have only tentatively been assigned functions.  Part of the reason for this is that it is 
difficult to separate the effect of a single metabolite from the benefits of eating fruit and 
vegetables as a whole. It has also been found that phytochemicals may work 
synergistically in the body thus adding another layer of complexity. Some of the 
properties exhibited by these groups of phytochemicals include cellular repair, DNA 
protection, anti-inflammatory, and anticarcinogenic activity (Berger et al., 2012; Espley 
and Martens, 2013; Cicero et al., 2017; Miguel-Chavez, 2017; Yahia, 2018; Liskova et al., 
2019). However, by far the most common function of phytochemicals in the human 
body is to act as an antioxidant. Reactive oxygen species, singlet oxygen and other free 
radicals are all produced by metabolic processes in the body and can have destructive 
effects. Exposure to radiation, smoke and pollution can also increase the production of 
these species in the body. Polyphenols, phenolic acids, flavonoids and many other 
phytochemicals scavenge reactive oxygen species and detoxify other harmful radicals. 
The antioxidant activities of many phytochemicals have been linked to many of the 
beneficial health outcomes already mentioned, specifically a reduction in chronic 




1.3.3. Phytochemicals in planta 
Due to the focus on phytochemicals in human health, the reason plants produce these 
metabolites in the first place is often overlooked (Yahia, 2018; Caesar et al., 2019). Many 
phytochemicals also play important roles in plant physiology some of which are 
analogous to their function in the human body. For example, plants require significant 
antioxidant capacity to detoxify reactive oxygen species produced as by-products of 
photosynthesis and cell metabolism (Berger et al., 2012; Miguel-Chavez, 2017). Other 
metabolites have different roles associated with growth, signalling and defence which 
are not directly applicable to human health (Demain et al., 2000; Yahia, 2018). A group 
of phytochemicals with such a function are the brightly coloured anthocyanins, a type of 
flavonoid, which give many flowers and fruits their colours. These pigments help to 
attract insects to facilitate pollination and ensure reproduction (Senthilkumar and 
Vijayakumar, 2014). Other phytochemicals with crucial roles in both plants and humans 
include carotenoids which are responsible for the orange-yellow colouration of 
vegetables such as pumpkin, carrots, corn and tomatoes. In humans carotenoids are 
known primarily as precursors for vitamin A (11-cis-retinol), but compounds such as 
lycopene are also known be effective in preventing prostate cancer. In plants these same 
metabolites fulfil different physiological roles, most notably in protecting chlorophyll 
from photodamage (Senthilkumar et al., 2014; Cicero et al., 2017; Yahia, 2018). 
 
Fig. 1.8. White rice and its genetically modified counterpart, golden rice (left image), 
which produces β-carotene in the edible portion of the plant. β-carotene is converted to 
11-cis retinol (vitamin A) in the body (right) (Pexels, www.pexels.com, Accessed 




Understanding the biosynthesis, distribution, and physiological role of phytochemicals 
in crops is crucial when attempting to breed the most valuable product possible. 
Maximising the concentration of important nutrients without comprising other facets of 
the plant, such as flavour, shelf life and resistance to disease, is not possible without 
knowledge of these processes and the compounds involved (Wilson and Roberts, 2014; 
Yahia, 2018). This type of crop production already occurs. Virtually all crops are bred to 
have desirable eating qualities, and are now increasingly bred to incorporate additional 
nutritional properties. This idea has led to the development of golden rice in which 
genetic modification has been used to cause biosynthesis of β-carotene in the edible 
portion of the plant (Fig. 1.8.). The crop was used to combat vitamin A deficiency in 
developing countries. Instances of crops being bred to contain higher levels of 
micronutrients such as zinc and iron also exist (Beyer et al., 2002; Welch and Graham, 
2004; Wilson et al., 2014; Yahia, 2018).  
An increased focus on the health benefits from phytochemicals, and the fact that 
decades of breeding has left some crops comparatively devoid of these metabolites has 
led to a demand for nutritionally enhanced crops (Welch et al., 2004; Wilson et al., 
2014). This is exemplified by the value consumers place on products with high vitamin 
C (Kassardijan, 2006). Elucidating the factors that control when and where these 
metabolites are synthesised and accumulated is vitally important when looking for the 
next step forward in the agricultural industry. This is further driven by the diminishing 
environmental resources available and the need to make the absolute most out of those 
we have left. Being able to produce a crop with a desirable profile and localisation of 
phytochemicals is extremely valuable and one of the most important of these 
phytochemicals is ascorbic acid (Beyer et al., 2002; Welch et al., 2004; Wilson et al., 
2014; Yahia, 2018). 
1.4. Ascorbic acid (vitamin C) 
1.4.1. Chemistry of ascorbic acid 
Vitamin C (ascorbic acid) is a 6 carbon organic acid consisting of a 5 membered 
heterocyclic lactone ring containing an enediol (Fig. 1.9). The molecule contains two 




stereoisomer is L-ascorbic acid, as shown below, although the three other 
stereoisomers are also known (Fig. 1.9.). These are D-ascorbic acid, L-isoascorbic acid 
and D-isoascorbic acid, none of which exhibit the same biological activity as L-ascorbic 
acid (Smirnoff, 2018). Many of the biological functions of ascorbic acid, both in plants 
and mammals, are related to its antioxidant and radical scavenging capacity (Hacisevki, 
2009; Du et al., 2012; Smirnoff, 2018). These properties stem from the presence of two 
easily ionisable hydroxyl groups, 2-OH and 3-OH, which have pKa values of 11.6 and 4.2 
respectively. A consequence of this is that at physiological pH the predominant form 
will be a monoanion, with little to none of the di-protonated form present (Smirnoff, 
2018). In this state ascorbate can be readily oxidised to dehydroascorbic acid (DHA) via 
the loss of two electrons and one proton (Fig. 1.9.). This oxidation provides the 
reduction potential necessary to mediate many biological reactions. It is also readily 
reversible, a process which can be facilitated by both chemical and biological means (Du 
et al., 2012; Smirnoff, 2018). Rapid regeneration of ascorbic acid from DHA is 
particularly important in biological systems, as DHA is unstable and will readily oxidise 
further leading to irreversible degradation and subsequent loss of function. The 
ascorbic acid monoanion is also capable of donating an electron to radicals, this one 
electron oxidation gives rise to the ascorbate radical which is comparatively unreactive 
and may be converted back to ascorbic acid and DHA via disproportionation (Du et al., 
2012; Smirnoff, 2018). The structure of ascorbic acid, although simple, allows for these 
electron and hydrogen transfers to occur in a controlled manner under physiological 
pH. This is the foundation for the many roles that ascorbic acid plays in both plants and 






Fig. 1.9. L-Ascorbic acid: Structure, atom labelling and scheme showing oxidation to DHA. 
1.4.2. Ascorbic acid in human health 
The biological function of ascorbic acid (vitamin C), or at least the symptoms of its 
deficiency, were known long before the compound itself was isolated and the structure 
characterised. Bleeding in the mouth, swollen gums, haemorrhaging under the skin and 
a reduced capacity to heal wounds were common ailments of sailors travelling long 
distances, and are noted as far back as the 11th century. This condition was termed 
‘scurvy’ and over the years it was found that fresh fruit and vegetables, most famously 
lime juice, kept the symptoms at bay (Schultz, 2002). Many researchers attempted to 
pinpoint the compound responsible for preventing scurvy, but it was not until the early 
20th century that this was achieved (Svirbely and Szent-Gyorgyi, 1932; Banga and Szent-
Gyorgyi, 1934; Schultz, 2002). A Hungarian researcher named Albert Szent-Györgyi 
identified a molecule that could ‘carry’ hydrogen atoms and had the ability to reduce 
oxidative damage in plants (Svirbely et al., 1932; Banga et al., 1934; Schultz, 2002). 
Isolation of this ‘hexuronic acid’ from paprika and subsequent animal studies showed 
that this compound prevented scurvy in guinea pigs (Svirbely et al., 1932; Banga et al., 
1934; Schultz, 2002). Due to its ‘anti-scurvy’ activity this molecule was named ‘ascorbic’ 
acid and Szent-Györgyi was awarded the Nobel Prize in medicine for his discovery 
(Schultz, 2002). 
Since its discovery ascorbic acid has become one of the most well studied molecules 
with regard to human health. Its role as an anti-oxidant, enzyme co-factor and possible 
cancer treatment have been investigated by research groups worldwide (Iqbal et al., 




compound arises because it is essential to the human body, but we are incapable of 
producing it and must therefore acquire ascorbic acid from our diet (Drouin et al., 
2011). Our inability to synthesise this crucial metabolite has been linked to a mutation 
in the gene which codes for the enzyme L-gulono-1, 4-lactone oxidase (GLO) (Drouin et 
al., 2011). This enzyme is responsible for the last step in the biosynthesis of ascorbic 
acid which occurs in most mammals (Drouin et al., 2011). However, humans are not the 
only species reliant on dietary ascorbic acid as several other vertebrates, including 
higher primates and guinea pigs, share a similar mutation to the gene encoding GLO. It 
is thought that this gene has become inactive in certain mammals because it provides no 
evolutionary advantage or disadvantage to these species (Drouin et al., 2011).  
 
Figure 1.10. The triple helix structure of collagen gives it great strength, the hydrogen 
bonds (dashed lines) that facilitate this conformation are made possible by the 
hydroxylation of specific amino acids. These hydroxylations are achieved using ascorbic 
acid as a co-factor (Pexels, www.pexels.com, Accessed 3/07/2019). 
One of the most important functions of ascorbic acid in humans is its role in collagen 
synthesis. Collagen is a protein that makes up the majority of connective tissue in the 
body, particularly in tendons, ligaments and skin. A crucial step in the synthesis of 
collagen is the posttranslational hydroxylation of proline and lysine residues, which 
allows for subsequent glycosylation and facilitates formation of the tertiary structure 
(Fig. 1.10.) (Hacisevki, 2009; Du et al., 2012). The enzymes responsible for catalysing 
these hydroxylations rely on ascorbic acid as a cofactor. Without ascorbic acid the 
hydroxylation cannot not take place, collagen cannot not be produced, and connective 
tissue weakens, resulting in the symptoms previously described for scurvy (Hacisevki, 




Ascorbic acid is also involved in many other biological processes in the human body. It 
has been found to aid in the metabolism of tyrosine, folate and tryptophan as well as the 
breakdown of histamine to prevent allergic reactions. The synthesis of carnitine and 
many catecholamines, all important biomolecules, is also reliant on ascorbic acid (Iqbal 
et al., 2004; Hacisevki, 2009; Du et al., 2012). Perhaps more widely known are the 
radical scavenging and antioxidant activities of ascorbic acid. Its ability to aid in the 
absorption of non-haem iron, by facilitating reduction of ferric iron to the more 
bioavailable ferrous form, is the basis of nutritional guidelines which suggest consuming 
vitamin C alongside iron supplements (Kazemi, 2014). Other nutrients also benefit from 
the presence of vitamin C. Lipid soluble vitamins such as A, D, E and K are susceptible to 
attack by radicals, a process which can be lessened if vitamin C is present to accept the 
unpaired electron (Fig. 1.9.). Other synergistic effects have been identified between the 
compounds including the enhanced regeneration of oxidised vitamin E by ascorbic acid 
(Englard and Seifter, 1986; Iqbal et al., 2004; Hacisevki, 2009; Du et al., 2012; Smirnoff, 
2018).  
While many functions of ascorbic acid are not well understood, the long list of benefits 
and low toxicity of ascorbic acid has led to immense interest by both consumers and 
scientists alike (Englard et al., 1986; Iqbal et al., 2004; Hacisevki, 2009; Du et al., 2012; 
Smirnoff, 2018). Many studies have investigated the use of vitamin C for prevention and 
treatment of a range of different cancers (Ohno et al., 2009; Chen, 2012; Du et al., 2012; 
Berger and Oudemans-van Straaten, 2015). This typically involves the administration of 
extremely high doses, in some cases up to 10 g/d. However, this is a controversial area 
of research with evidence for and against the usefulness of ascorbic acid in cancer 
treatment (Chen, 2012; Du et al., 2012). Despite the fact that most people in western 
society gain sufficient vitamin C from their diet, it is still one of the most commonly 
purchased supplements (Lykkesfeldt and Poulsen, 2010). This high degree of 
supplementation suggests that the general population are very aware of vitamin C’s 
health benefits and will go out of their way to ensure they have an adequate intake. 
Consumers will also purchase products known to be high in vitamin C whether it is 
naturally occurring, such as in kiwifruit, or added during processing, such as in orange 




1.4.3. Ascorbic acid in planta 
The majority of ascorbic acid in a typical western diet comes from eating fruit and 
vegetables, i.e. from plants (Iqbal et al., 2004; Lykkesfeldt et al., 2010; Du et al., 2012). 
Unlike humans, nearly all plants are capable of synthesising ascorbic acid, because 
ascorbic acid plays a critical role in photosynthesis (Senn et al., 2016; Smirnoff, 2018). 
During photosynthesis the photoreduction of oxygen (Mehler reaction) leads to the 
production of hydrogen peroxide. While not inherently dangerous to the plant, 
hydrogen peroxide can go on to produce more reactive oxygen species, such as singlet 
oxygen or hydroxyl radicals. These species may subsequently initiate a radical cascade 
resulting in serious oxidative damage (Smirnoff, 1996; Noctor and Foyer, 1998; Senn et 
al., 2016; Smirnoff, 2018). The primary method for removal of hydrogen peroxide, and 
therefore preventing oxidative damage, is to utilise ascorbic acid. Chloroplasts, the 
organelles in which photosynthesis is carried out, contain high concentrations of 
ascorbic acid and the enzyme ascorbate peroxidase. These two molecules work in 
tandem to reduce hydrogen peroxide to water, thus removing the threat.  
Ascorbic acid is also found outside the chloroplast, and in many other tissues, where it 
also acts as an antioxidant and radical scavenger. In times of stress, whether it be due to 
a pollutant, drought, UV irradiation or wounding, plants generate free radicals at a much 
higher rate (Smirnoff, 1996; Noctor et al., 1998; Senn et al., 2016; Smirnoff, 2018). It is 
at these times when ascorbate is particularly important to the plant, as it is the primary 
defence against oxidative damage. In a similar way to which ascorbic acid has many 
functions in the human body, it also plays many roles in plant biochemistry (Smirnoff, 
1996; Smirnoff, 2018). It is known that ascorbate is a cofactor for many enzymes, 
particularly those containing a metal ion that needs to be kept in a reduced state 
(Smirnoff, 1996; Hacisevki, 2009). These enzymes control a wide variety of functions, 
many of which are not fully understood. One particular area in which ascorbic acid has 
been implicated is in cell division, specifically the expansion and metabolism of the 
plant cell wall. Ascorbate oxidase is localised to the cell wall and increased activity of 
this enzyme has been observed at times of rapid growth and expansion (Noctor et al., 
1998; Smirnoff et al., 2001; Senn et al., 2016; Smirnoff, 2018). These observations 




hypotheses have been put forward. However, there is no clear consensus as to the 
extent, or mechanism, of ascorbate’s role in these processes. 
 
Fig. 1.11. The biosynthesis of L-ascorbic acid from D-glucose via the L-galactose pathway 
in plants. GDP = guanosine diphosphate, P = phosphate. Enzymes: HK = Hexokinase (E.C. 
2.7.1.1), PGI = phosphoglucose isomerase (E.C. 5.3.1.9), PMM = phosphomannose isomerase 
(E.C. 5.3.1.8), GMP = GDP-mannose pyrophosphorylase (E.C. 2.7.7.22), GME = GDP-
mannose-3,5epimerase (E.C. 5.1.3.18), GGP = GDP-L-galactose pyrophosphatase, GPP = L-
galactose-1-phosphate phosphatase, GDH = L-galactose dehydrogenase, GLDH = L-
galactono-1, 4-lactone dehydrogenase (E.C. 1.3.2.3). Where no E.C. numbers are listed they 
have yet to be assigned. 
One process involving ascorbic acid that is comparatively well understood is its 
biosynthesis (Fig. 1.11.) (Wheeler et al., 1998; Smirnoff et al., 2001). After the isolation 
and characterisation of vitamin C in the early 20th century, isotope labelling studies 
conducted in rats elucidated the biosynthesis of this molecule in mammals. These 
experiments led to a proposed pathway involving oxidation of glucose at C6 to give the 
lactone carbon (i.e. C1 of ascorbic acid), thus inverting the formal numbering of the 




‘inversion’ of the glucose skeleton did not occur, but rather C1 of glucose was oxidised 
(Fig. 1.11.). Therefore ascorbic acid must be synthesised by an alternative biochemical 
pathway in plants (Smirnoff et al., 2001). From glucose the basic chemical conversions 
required for such a pathway are the oxidation at C1, formation of a 1,4-lactone, 
oxidation to generate the 2,3-enediol and epimerisation at C5 to give the R 
stereochemistry (Smirnoff et al., 2001).  
It was not until the end of the 20th century that a biosynthetic pathway encompassing 
these steps and other experimental data was put forward (Fig. 1.11.)(Wheeler et al., 
1998). Named for its discoverers, the Smirnoff-Wheeler pathway involves 10 enzymatic 
reactions to achieve the conversion of D-glucose to L-ascorbic acid (Wheeler et al., 
1998). Subsequent research has led to the identification and characterisation of the 
genes that encode the enzymes involved in this pathway (Smirnoff et al., 2001; Laing et 
al., 2007; Mazid et al., 2011). The Smirnoff-Wheeler pathway, or L-galactose pathway, is 
now considered the primary route by which ascorbic acid is synthesised in plants. 
However, other routes have been identified and can have meaningful contributions to 
the ascorbic acid content of plants (Agius et al., 2003; Lorence et al., 2004). These 
pathways include the conversion of compounds such as myo-inositol and D-galacturonic 
acid to ascorbic acid, but are not as well understood as the Smirnoff-Wheeler pathway 
(Agius et al., 2003; Lorence et al., 2004). 
While nearly all plants have the biological equipment necessary to produce ascorbic 
acid, the concentration of this metabolite is highly variable (Jones and Hughes, 1983; 
Jones and Hughes, 1984; Romero Rodriguez et al., 1992; Justi et al., 2000; Mazid et al., 
2011). Differences between tissue types can largely be rationalised based on 
requirements. Leaves have very high levels of ascorbic acid as they are the primary site 
of photosynthesis, in which ascorbic acid plays an important role (Noctor et al., 1998; 
Mazid et al., 2011; Senn et al., 2016). Similarly the skin of most fruits contains a higher 
concentration of ascorbic acid than the flesh due to its exposure to UV light, and 
consequent need for protection against radicals. However, the range of ascorbic acid 
concentrations observed across different species is much more difficult to explain. This 
interspecies variation can be vast, particularly in storage organs and sink tissues, e.g. 
fruit, young leaves, shoots and roots. Some species such as camu camu (Mirciaria dubia) 




(Mespilus germanica) occupies the opposite end of the spectrum with only 3 mg/100 g 
FW (Romero Rodriguez et al., 1992; Justi et al., 2000). Another factor influencing 
ascorbic acid concentration in plants is the stage of development. Tissues which are 
rapidly expanding, such as developing fruit or young leaves, typically contain elevated 
concentrations of ascorbic acid. This has been attributed to ascorbates’ role in growth 
processes. (Noctor et al., 1998; Hancock et al., 2007; Li et al., 2010).  
1.5. Research outline 
This research was undertaken with the aim to expand what is currently known 
regarding the long distance translocation of secondary metabolites, specifically in New 
Zealand native plants and crops. This was stimulated by the recently proposed source-
sink translocation of tutin in Coriaria via glycosylation (Watkins et al., 2018). An 
extension to the currently reported chemotaxonomy of the Coriaria genus was 
conducted by the author and is presented in Appendix 2. The research presented in this 
thesis is centred on the identification, distribution and function of an ascorbate 
derivative in a selection of well known fruit crops. 
Initial work was focused on the identification of an ascorbyl glycoside in crab apples, 
leading to a definitive characterisation via isolation and derivatisation (Chapter 2). 
Quantification of this metabolite in a selection of apple cultivars, and a wide range of 
other fruit crops, revealed the extent to which this metabolite had been previously 
overlooked (Chapter 3). The distribution and properties of the ascorbyl glycoside 
suggested this metabolite may be involved in the translocation of ascorbate from leaf to 
fruit, a hypothesis which was investigated utilising several different approaches 
(Chapter 4). Each of these distinct pieces of research were made possible by the 
availability of synthetic ascorbyl glycosides, the preparation of which was achieved in 
parallel to the analytical and biological investigations (Chapter 5).  
It is hoped that the work detailed in this thesis may lead to a better understanding of 
the mechanism by which ascorbate is transported and accumulated in fruit. Knowledge 
of this process is invaluable when breeding new cultivars, especially when the 










Chapter 2: Identification 
2.1. Introduction  
2.1.1. Apples 
Apples belong to the Malus genus within the Rosaceae family and are one of the most 
popular fruits in the world. In 2016 89 million tonnes of apples were harvested and 
distributed worldwide (FAO, 2018). This makes apples the third most produced fruit in 
the world, outgrown only by bananas and watermelons (FAO, 2018). Apple trees 
themselves are deciduous and grow in temperate regions. The fact that fruits may be 
stored for up to six months allows for the widespread availability and consumption 
(Noiton and Alspach, 1996; Volk et al., 2015). The apples grown are typically classified 
as either cider apples or dessert apples. The fruits used for cider are bred to contain 
high levels of sugar and acidity, while dessert apples are used in products such as juice, 
eaten fresh, or processed in other ways (Boyer et al., 2004; Volk et al., 2015). China is by 
far the leading producer and accounts for 40% of all apples produced worldwide (FAO, 
2018). The United States and Turkey are the next biggest producers while New Zealand 
is currently ranked 27th with an estimated production of 0.4 million tonnes annually 
(FAO, 2018). However, New Zealand is also the 11th largest exporter of apples and has 
been heralded as a world leader with regard to efficiency and production (Belrose, 
2017). This equates to an annual export value of $500 million NZD, making apples New 
Zealand’s third largest horticultural export, after kiwifruit and wine (Belrose, 2017).  
Scientists have gone to great lengths to uncover the identity of the original progenitor 
species that led to the modern domesticated apple (Harris et al., 2002; Roberts, 2017). 
While there is still some debate, the ancestral apple species is thought to have been M. 
seiversii from central Asia (Fig. 2.1.). DNA and fossil evidence has shown that this species 
spread across Europe, facilitated largely by humans and animals travelling along the silk 
route. Throughout the journey this original progenitor mixed with other Malus species 
including the European crab apple, M. sylvestris (Fig. 2.1.) (Harris et al., 2002; Roberts, 
2017). Eventually this species was domesticated and evolved alongside humans where 




selective breeding have left us with a plant that has many beneficial qualities, including 
rapid germination, increased size and improved flavour. However, these qualities may 
come at the cost of other attributes such as disease resistance and nutritional value 
(Volk et al., 2015).  
 
Figure 2.1. The fruit of three different Malus species; A. M. sylvestris, B. M. seiversii and 
C. M. domestica (Golden delicious cultivar) (Pexels, www.pexels.com, Accessed 
3/07/2019). 
While it is estimated that over 7000 different varieties of apples exist, the vast majority 
are simply combinations of a select few elite cultivars such as ‘Golden Delicious’ and 
‘Gala’ (Noiton et al., 1996; Harris et al., 2002; Volk et al., 2015). More recent research 
has focused on the germplasm of wild apple varieties in search of valuable traits lost in 
domesticated fruits (Noiton et al., 1996; Harris et al., 2002; Volk et al., 2015). These wild 
varieties have included crab apples such as M. sylvestris. Crab apple is simply the name 
given to any Malus species that produces fruit with a diameter of less than 5 cm, many 




small, crab apples are very astringent due to their high malic acid content. This means 
that they are not typically eaten raw, but are used as a sour condiment in Asian cuisine 
or alternatively made into crab apple jelly. While not grown for commercial endeavours 
themselves, crab apple trees are often included in other orchards as pollinators. They 
have also been used a rootstock for domestic apple cultivars to infer beneficial 
properties such as cold hardiness in less temperate areas (Sharma and Nath, 2016). 
 
Figure 2.2. Structures of the major phytochemicals found in apples (Malus spp.); Catechin, 
quercetin, phlorizin and chlorogenic acid. 
Apples are also well known for their nutritional value and health benefits (Boyer et al., 
2004; Hyson, 2011; Espley et al., 2013). In addition to several vitamins and minerals, 
apples contain a diverse range of phytochemicals that have positive effects on the body. 
The major compounds among these secondary metabolites have been identified as 
catechin, quercetin, phlorizin and chlorogenic acid, all of which have antioxidant activity 
(Fig. 2.2.). While crab apples are thought to produce a more diverse array of secondary 
metabolites, the dominant compounds are very similar to domestic cultivars. 
Consumption of these phytochemicals, both in isolation and via apples, has been shown 
to have many health benefits including a decreased risk of many cancers and 
cardiovascular diseases (Boyer et al., 2004; Hyson, 2011; Yahia, 2018). One 
phytochemical which apples do not typically produce in large quantities when 




with some exceptions such as Braeburn containing closer to 20 mg/100 g FW (Bassi et 
al., 2017). While this is not unimportant, it is substantially less than fruits such as 
kiwifruit which may exceed 100 mg/100 g FW (Romero Rodriguez et al., 1992; Boyer et 
al., 2004; Li et al., 2010; Hyson, 2011; Espley et al., 2013). Given the immense popularity 
of apples worldwide, it would be very valuable to enhance their vitamin C content, 
adding to their already well established nutritional value. 
2.1.2. Ascorbyl glycosides 
Ascorbic acid is infamous for its extreme instability and propensity to degrade under 
even the slightest of oxidative conditions. Exposure to heat, light, metal ions, high pH or 
ascorbate oxidase may lead to loss of biological activity in vivo (Khan and Martell, 1967; 
Han et al., 2012). Given the fragile nature of this metabolite modifications that enhance 
stability and retain biological activity are extremely valuable and have become the focus 
of much research. The most successful, and therefore most prevalent, ascorbate 
derivatives are the ascorbyl glycosides. It has been shown that addition of a sugar, such 
as glucose, to the 2-hydroxyl of ascorbate greatly enhances the stability of the molecule 
to oxidation (Takebayashi et al., 2008; Tai, 2013). While the addition of a sugar to 
ascorbate alters the biological properties somewhat, these differences are 
inconsequential. When introduced to a biological system ascorbyl glycosides are readily 
hydrolysed by glycosidase enzymes to give free ascorbate. The enhanced stability and 
pro-drug behaviour of ascorbyl glycosides has been exploited for many commercial 
applications. Compounds such as 2-O-α-D-glucopyranosyl-L-ascorbic acid (AA2αGlc) can 
be found in a range of products including skin whitening agents, dietary supplements, 
processed foods, cosmetics and various medicines (Maeda et al., 2003; Han et al., 2012; 
Lee et al., 2014; Ma et al., 2016; Ma et al., 2017). Specific examples of ascorbyl glycosides 
and the methods by which they have been produced will be discussed in Chapter 5. 
Given that ascorbate is produced by all plants, and that glycosylation is one of the most 
common biological modifications, it would seem reasonable to assume that ascorbyl 
glycosides are also prevalent in plants (Smirnoff, 2018; Yahia, 2018). However, this is 
not the case. Naturally occurring ascorbyl glycosides are apparently rare, as 
demonstrated by the fact that only two have been reported in the literature to date 
(Toyoda-Ono et al., 2004; Hancock et al., 2008). The first ascorbyl glycoside to be 




AA2βGlc (Fig. 2.3.). Extraction and analysis of leaves and root from other members of 
the Lycium genus failed to detect the metabolite in these tissues. Other crops known to 
be high in ascorbate were also analysed by HPLC and all gave negative results, these 
included green pepper, tomato, Barbados cherry, lemon, camu camu and grapefruit 
(Toyoda-Ono et al., 2004). The same authors also demonstrated that AA2βGlc is 
hydrolysed to release ascorbate when ingested by rats, thus confirming pro-vitamin C 
activity (Toyada-Ono et al., 2005).  
 
Fig. 2.3. Structures of the only two ascorbic acid glycosides reported from plants, AA2βGlc 
(2-O-β-D-glucopyranosyl-L-ascorbic acid) found in goji berries; and AA6βGlc (6-O-β-D-
glucopyranosyl-L-ascorbic acid) found in zucchini. 
The second reported occurrence of an ascorbyl glycoside in plants was the isolation of 
AA6βGlc from zucchini (Fig. 2.3.) (Cucurbita pepo) (Hancock et al., 2008). This glycoside 
was found to be present in phloem exudates, but not whole plant extracts. LC-MS data 
led the authors to believe it was accompanied by a series of related ascorbic acid 
conjugates which were not successfully identified (Hancock et al., 2008). The presence 
of this metabolite in phloem is of particular interest as the authors tentatively 
implicated its role in ascorbate transport, an idea which will be discussed further in 
Chapter 4. 
In both reported occurrences of ascorbyl glycosides the authors suggest difficulties with 
the isolation of these metabolites. Toyoda et al. purified only 12 mg from over 100 g of 
dried goji berries (Toyoda-Ono et al., 2004). A similarly small yield was reported by 
Hancock et al. who repeated the isolation from goji berries and also isolated AA6βGlc 
from zucchinis (Hancock et al., 2008). In both cases extensive ion exchange 




specifically sugars. An initial fractionation using strong anion exchange (SAX) resin 
followed by several rounds of preparative HPLC, also anion exchange, was required to 
purify these metabolites (Toyoda-Ono et al., 2004; Hancock et al., 2008). These 
procedures require highly specialised equipment and carefully controlled pH gradients 
in order to be successful.  
Characterisation of ascorbyl glycosides in the literature is an area that is inconsistent at 
best. These molecules are often discussed in a biological context and a definitive 
chemical characterisation is in many cases not reported (Li and Shi, 2009; Han et al., 
2012; Kim et al., 2015; Gudiminchi et al., 2016). This is further complicated by the pH 
dependency of NMR spectra collected on ascorbyl glycosides, a phenomenon discussed 
in Chapter 5 (Section 5.2.1). For AA2βGlc in goji berries a full 2D NMR data set is 
reported alongside a HRMS spectrum, leaving little doubt as the validity of the proposed 
structure (Toyoda-Ono et al., 2004). The characterisation of AA6βGlc from zucchini was 
conducted using a different approach (Hancock et al., 2008). MS data confirmed the 
molecular formula and evidence for a 5- or 6-O-glycoside was found in the 
fragmentation pattern. Enzymatic synthesis of AA6βGlc and subsequent comparison of 
1H NMR data to that of the natural metabolite allowed for assignment as the 6-β-
glucoside of ascorbate (Hancock et al., 2008). The isolation and characterisation of both 
naturally occurring ascorbyl glycosides has been relatively well documented when 
compared to the reports of ascorbyl glycosides produced synthetically (Chapter 5). 
2.1.3. Identification of an ascorbyl glycoside in crab apples 
A third, unpublished identification of an ascorbyl glycoside in plants has been made as 
part of a Plant & Food Research project into post-harvest treatment of various apple 
cultivars (Cho, 2016). This research included a non-targeted metabolomics analysis of 
fruit belonging to nine different genotypes. The ascorbyl glycoside was only detected in 
two of the genotypes analysed, both of which were most closely related to M. sylvestris, a 
crab apple species. The preliminary identification of this metabolite was based solely on 
LC-MS data (Cho, 2016). 
From the exact mass and fragmentation pattern several conclusions were drawn 
regarding the structure of this previously overlooked metabolite. The parent ion of m/z 




However, the MS2 data revealed a daughter ion of m/z 175 which was consistent with 
[M-H]- for ascorbic acid and therefore suggested that the molecule was an ascorbate 
derivative (Fig. 2.4.). Taking this analysis a step further, calculating the difference 
between the parent and daughter ions, made it clear that the derivative was a glycoside. 
The difference of 162 m/z is a common occurrence in MS2 analysis and is consistent 
with the loss of a hexose sugar substituent such as glucose, galactose or mannose 
(Larsen et al., 2015). The molecular formula of ascorbic acid linked to such a hexose is 
C12H18O6 and therefore in agreement with the exact mass and isotope pattern initially 
observed (Cho, 2016).  
 
Fig. 2.4. Fragmentation of the ascorbyl glycoside in crab apple extract, as observed by MS2 
analysis. 
Closer examination of the MS2 analysis revealed several other features of the unknown 
metabolite. Of particular interest was the presence of a 277 Da daughter ion (Fig. 2.4.). 
The mass of this fragment indicated a loss of the 5, 6-diol from ascorbate, but retention 
of the hexose unit (Fig. 2.4.). This is important because, if the sugar were attached at 5- 
or 6-OH this fragment would not be observed, therefore it was reasonable to assume the 
glycoside is most probably a 2- or 3-O-glycoside. Subsequent examination of the 
literature indicated that the four MS2 ions were consistent with previous analyses of the 
commercially produced AA2αGlc (Hancock et al., 2008). While the MS data provided 
strong evidence to suggest the metabolite was an ascorbyl glycoside it cannot be used to 










2.2. Results and discussion 
This section describes the isolation and characterisation of the ascorbyl glycoside 
initially detected by Jung Cho (Cho, 2016). These experiments are presented in three 
parts; the initial efforts to identify the compound directly; the development of a 
derivatisation method; and the application of this method to isolate and characterise the 
target compound. Lastly, the stability of the ascorbyl glycoside is also discussed. 
2.2.1. Preliminary work  
In an attempt to provide further evidence for the structure of the ascorbyl glycoside in 
crab apples, its retention time on HPLC was compared to ascorbyl glycoside standards 
(Fig. 2.5.). Using HILIC LC-MS (Instrument B, method III, Experimental, Section 2.4.1) the 
ascorbyl glycoside in crab apple was found to have a retention time of 6.0 min. Given the 
previously described similarities in MS2 data, a sample of AA2αGlc was purchased and 
analysed using the same method. However, this metabolite was more retained than the 
naturally occurring glycoside and did not elute until 7.1 min (Fig. 2.6.). Given this 
difference in retention time the ascorbyl glycoside in crab apple extract was clearly not 
AA2αGlc. A selection of ascorbyl-β-glycosides produced via chemical synthesis were 
subsequently analysed for comparison with the extract (Chapter 5). The 5- and 6-β-
glucosides were also found to elute much later (8.0 and 9.0 min respectively) than the 
ascorbyl glycoside in crab apple extract (Fig. 2.6.). This result came as little surprise 






Fig. 2.5. Structures of the ascorbyl glycosides analysed by HPLC in an attempt to 
characterise the metabolite in crab apples. 
HPLC analysis of the 2-β-glucoside and 2-β-galactoside was much more informative. 
Both of these chemically synthesised metabolites eluted at close to 6 min, the same as 
the ascorbyl glycoside in crab apples (Fig. 2.6.). Spiking experiments demonstrated that 
these two metabolites could not be differentiated by HILIC chromatography 
(Instrument C, method I). Extensive method development on multiple HILIC and C18 
columns failed to achieve any repeatable differentiation. Because the ascorbyl glycoside 
in crab apples could conceivably be either of these metabolites, or another glycoside 






Fig. 2.6. LC-MS chromatograms (Instrument B, method III) showing the relative retention 
times of five ascorbyl glycosides and the crab apple metabolite. In all cases the SIM (Single 
Ion Monitoring) trace for m/z 337 is shown as all glycosides are isomeric. For the trace 
showing both 5- and 6-β-glycosides the earlier peak (8 min) is the 5-β-glycoside and the 
latter is the 6-β-glycoside. AA2αGlc was purchased while the other four were chemically 
synthesised (Chapter 5).  
To isolate the unknown ascorbyl glycoside, M. sylvestris fruit (330 g) were extracted 
with MeOH:H2O:formic acid (50:50:1). Subsequent purification with preparative HILIC-
HPLC (Instrument D, method II) yielded a fraction thought to contain the purified 
ascorbyl glycoside (5 mg). Unfortunately HRMS (Instrument A) showed that the 
primary component of this sample was in fact sucrose, a conclusion which was 
confirmed by both 1H and 13C NMR spectroscopy. However, sucrose was not the sole 
component of this sample as a minor peak in the HRMS, as well as a secondary set of 
signals in the NMR spectra, suggested that the ascorbyl glycoside was also present (Fig. 
2.7.). These NMR resonances revealed little about the structure of the glycoside as 
significant overlap with those from sucrose was observed. One piece of information that 
could be gleaned from the 1H NMR spectrum was further evidence that the target 
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coupling constant (4.51 ppm, J = 7.8 Hz) of one of the only well resolved 1H NMR signals 
thought to be the anomeric proton of the ascorbyl glycoside (Fig. 2.7.). 
 
Fig. 2.7. 1H NMR spectra (D2O) demonstrating how signals of ascorbyl glycosides and 
sucrose overlap and how spectra of ascorbyl glycosides can vary significantly due to pH. I. 
synthetic AA2βGlc under acidic conditions (See Chapter 5 for discussion of this 
phenomenon), II. Synthetic AA2βGlc sample under basic conditions, III. HPLC fraction from 
crab apple extract with the signal thought to be the anomeric proton of an ascorbyl-β-
glycoside circled, IV. Sucrose. 
Further manipulation of purification methodology, including HILIC, C18 and silica gel 
chromatography, was unsuccessful in separating the target compound from sucrose and 
other sugars. Even if the ascorbyl glycoside had been purified, structural elucidation 
would not have been trivial. 1H NMR spectra of ascorbyl glycosides in the literature, as 
well as those synthesised elsewhere in this thesis (Chapter 5), exhibit many overlapped 
proton signals (Toyoda-Ono et al., 2004; Hancock et al., 2008). Not only does this make 




differences, such as the identity of the sugar, are hard to confirm. On top of these 
difficulties is the fact that pH can cause significant changes to both 1H and 13C NMR 
spectra, a phenomenon observed and discussed in the synthesis of ascorbyl glycoside 
standards (Chapter 5), as well as in ascorbate (Fig. 2.7.)(Berger, 1977). This effect is 
most pronounced for the anomeric and 4-H proton signals, which is unfortunate 
because these signals are typically among the only well resolved proton resonances. The 
differences between synthetic ascorbyl glycosides AA2βGlc and AA2βGal are small in 
comparison to the differences that are caused by pH (Chapter 5). 
2.2.2. Derivatisation of ascorbyl glycosides 
The initial difficulties associated with purification and characterisation of the ascorbyl 
glycoside in crab apples necessitated a different approach. Anion exchange 
chromatography had been demonstrated to be a suitable technique in the literature 
(Toyoda-Ono et al., 2004; Hancock et al., 2008). However, an approach that had not 
previously been applied to ascorbyl glycosides, but which had the potential to solve 
several of the challenges faced, was derivatisation. This process of chemically modifying 
metabolites to facilitate their isolation and structural elucidation has been adopted 
successfully for other compounds, including tutin glycosides (Larsen et al., 2015). While 
many functionalisations are possible, acetylation was chosen as the most promising due 
to its simplicity and favourable effects on the molecule. Firstly, acetylation of the crab 
apple extract will change the mixture of metabolites from a very polar mixture to a non-
polar mixture, thus enabling the use of different chromatographic methods. In addition 
to aiding the separation of the ascorbyl glycoside, acetylation may also aid 
characterisation. Acetylation of hydroxyl groups, such as those on a sugar, results in a 
downfield shift of the adjacent proton. The result is that proton signals become spread 
out and more easily interpreted (Larsen et al., 2015). Additionally, the conversion of 
hydroxyl groups to esters will remove any exchangeable protons and thus minimise 
variation in NMR spectra due to pH (Chapter 5).  
The limited availability of M. sylvestris apples, due to their seasonality, meant that any 
acetylation procedure needed to be verified before it was applied to plant material. 
Acetylation methods were first tested on commercially available metabolites known to 
be present in apples (sucrose, glucose and ascorbic acid) and subsequently verified on 




Initial experiments utilised a standard pyridine catalysed acetylation method with 
acetic anhydride. While these conditions were successful for sucrose and glucose the 
procedure did not yield the desired hepta-acetate when applied to AA2βGlc. HRMS 
analysis of the product found a major product ion at m/z 595.1270 which was 60 less 
than expected for the peracetylated ascorbyl glycoside. This mass difference was 
consistent with a loss of AcOH, a situation which may arise due to base elimination of an 
acetyl protecting group (Fig. 2.8.). To determine whether this hypothesis was correct 
the NMR spectra were examined. The distinctive methyl resonances in both 1H and 13C 
NMR spectra clearly showed that the product carried only 6 acetate groups, but gave no 
information as to which acetate had been lost. A more thorough analysis confirmed that 
the sugar was unchanged as all seven hexose protons and the four accompanying 
acetate groups were present and correct. Signals belonging to the ascorbate portion of 
the molecule told a different story. While both 5-H and 6-H were observed, there was no 
4-H resonance present in the proton spectrum. This observation was backed up by the 
splitting pattern of the 5-H resonance which was observed as a triplet rather than a 
triple doublet. These spectra provide the evidence necessary to confirm the structure of 
this product as the unsaturated ascorbyl glycoside shown below, and also suggest that it 
forms via base removal of the 4-H and subsequent elimination of 5-OAc (Fig. 2.8.). This 
compound was previously unreported, but unfortunately it was not possible to 
definitively assign the structure as the E or Z isomer as no diagnostic NOE correlations 
were observed.  
 
Fig. 2.8. Proposed mechanism for the formation of a by-product when AA2βGlc was 
acetylated under basic conditions. 
Since the basic conditions of the pyridine catalysed method were not suitable for 
acetylation of ascorbyl glycosides, an acid catalysed approach was employed. The use of 




metabolites (glucose, sucrose and ascorbic acid). Acetylation of AA2βGlc was initially 
unsuccessful, but after dilution of the perchloric acid prior to its addition the desired 
product was obtained (Fig. 2.9). This method was subsequently used to acetylate both 
AA2βGlc and AA2βGal in reasonable yields (>70%) without the need for additional 
purification. These acetylated metabolites were both previously unreported structures 
and were therefore fully characterised using 2D NMR and HRMS (Table 2.1.). A thorough 
assignment of these molecules was also important as they were a crucial aid in the 
identification of the naturally occurring metabolite. 
 
Fig. 2.9. Acetylation of AA2βGlc with pyridine resulted in a by-product, acetylation of 
AA2βGlc and AA2βGal with perchloric acid resulted in the desired hepta-acetates. 
Unlike the previously characterised by-product, the ascorbyl glycosides acetylated 
under acidic conditions both displayed the expected number of acetate signals. The 
ascorbate portion of the molecule was also different to the by-product because the 4-H 
resonance was clearly present in both the glucoside and galactoside. HSQC experiments 
allowed for the identification of C4, and HMBC correlations confirmed which set of 
methylene protons belonged to C6. The multiplets at 5.4 ppm were identified as 5-H due 
to its COSY correlations with 4-H and 6-H, despite the typical triple doublet splitting 
being obscured by overlap with 4-H. The carbon resonances at 164, 127, and 146 ppm 
were assigned to C1, 2 and 3 of the ascorbate lactones respectively. This was based 
primarily on HMBC correlations, specifically links from 4-H to C1 and C2 as well as 5-H 
to C3. The chemical shifts of these 13C signals were also consistent with synthetic 




sugars were the HMBC correlations from C2 to 1’-H. This confirmed that the sugars 
were attached to ascorbic acid through the O-2. 
While the signals arising from the ascorbate portion of the molecules were virtually 
identical for the glucoside and galactoside, the resonances associated with the sugars 
were different, as expected. Glucose and galactose differ only by the orientation of the 4-
OH which is positioned equatorially in glucose, but axially in galactose (Fig. 2.10). While 
the signal for 4’-H was observed at different chemical shifts in the glucoside and 
galactoside, its splitting is not clearly resolved due to overlap with other signals (Fig. 
2.12). The resonance that best illustrates the difference between these isomers is 3’-H 
(Fig. 2.10 and 2.12). In the acetylated-glucoside 3’-H is observed at 5.24 ppm as a triplet 
with J = 9.3 Hz. This splitting pattern arises from coupling with 2’-H and 4’-H, both of 
which are in an axial-axial relationship with 3’-H and therefore coupling constants are 
of similar magnitude. In the acetylated-galactoside 3’-H is observed at 5.06 ppm as a 
double doublet with J = 10.4 and 3.5 Hz. This proton is still coupled to 2’-H and 4’-H, but 
the relationships are now different due to the orientation of the 4’-OAc. While J3,2 is still 
an axial-axial relationship, J3,4 is axial-equatorial and therefore much smaller leading to 
the observed double doublet (Fig. 2.10). Other signals, particularly 5’-H, are affected in a 
similar manner. These clear differences between acetylated glycosides could not be 
observed in the unprotected compounds (Chapter 5) and allow for straight forward 
identification of the crab apple glycoside based on the proton NMR spectrum. 
 
Fig 2.10. Structural differences between the acetylated glucoside and galactoside that 
lead to the observed differences in 3’-H splitting patterns in the respective 1H NMR spectra. 
In addition to characterisation by NMR and MS data, the acetylated glycosides were also 




retained on a standard C18 reverse phase column. This meant that analysis was much 
easier, as a HILIC column and corresponding buffer system was not necessary. 
Manipulation of the solvent gradient allowed for separation of the glucose and galactose 
derivatives, a feat which could not be achieved for non-derivatised ascorbyl glycosides. 
Ac-AA2βGlc eluted at 7.0 min while Ac-AA2βGal eluted at 8.1 min (Instrument B, 
method II) (Fig. 2.11.). This is in contrast to the identical retention times of 6.0 min 
observed for AA2βGlc and AA2βGal on HILIC LC-MS (Instrument B, method III) (Fig. 
2.6.). The fact that the derivatised glycosides have distinct retention times provides 
another method by which to identify the naturally occurring metabolite. 
 
Fig. 2.11. LC-MS trace (Single ion monitoring, m/z 655) of Ac-AA2βGlc (Left, 7.0 min) and 
Ac-AA2βGal (Right, 8.1 min) on a C18 column, demonstrating that the metabolites have 
well resolved retention times (Instrument B, method II). This was subsequently used as 
evidence that the acetylated and crab apple extract (Blue, 7.0 min) contained Ac-AA2βGlc. 
2.2.3. Isolation and characterisation 
Having demonstrated that acid catalysed acetylation could be used to derivatise 
ascorbyl glycosides, this method was applied to apple extracts. MeOH:H2O + mHPO3 was 
initially used to extract whole M. sylvestris fruit. However, it was found that this resulted 
in a vast amount of sucrose, which even when acetylated was difficult to separate from 
the acetylated ascorbyl glycoside. The ratio of sucrose to ascorbyl glycoside was far 
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Under negative ion LC-MS the ascorbyl glucoside is much more readily ionised than 
sucrose, due to the acidic 3-OH, leading to a peak of comparable intensity despite much 
lower concentrations in the plant extract. A combination of C18 chromatography, silica 
gel chromatography and preparative HPLC was utilised in an attempt to separate the 
acetylated sucrose from the glycoside, but this was to no avail, so a different approach 
was attempted. To maximise the ratio of ascorbyl glycoside to sucrose, the localisation 
of ascorbyl glycoside in peel was exploited (Chapter 3). Five M. sylvestris fruit were 
peeled and the skin extract acetylated. Silica gel chromatography was then used to 
fractionate the mixture of acetates. Fractions containing the best ratio of ascorbyl 
glycoside to sucrose (determined by MS, instrument B, method I) were combined and a 
second silica gel column was used to purify the acetylated ascorbyl glycoside (5 mg).  
 
Fig. 2.12. Comparison of the downfield region of the 1H NMR spectra for acetylated 
ascorbyl glycosides (Structure and numbering in Fig. 2.13). I. Acetylated synthetic 





This sample of purified peracetate was analysed by 1H, 13C and 2D NMR as well as HRMS 
and LC-MS. The HRMS indicated that the compound was an acetylated ascorbyl 
glycoside, but could not reveal any further information. As previously described the 
proton NMR spectrum is particularly useful in assigning the acetylated glycoside as a 
glucoside or galactoside. Comparison to the 1H NMR spectra of the acetylated synthetic 
ascorbyl glycosides made the identity of the glycoside immediately obvious (Fig. 2.12). 
All major peaks in the acetylated extract fraction were virtually identical to those of Ac-
AA2βGlc (Fig. 2.13., Table 2.1.). 13C NMR and HSQC spectra were also consistent with this 
initial assignment providing further evidence that the ascorbyl glycoside in crab apples 
was AA2βGlc. The C18 LC-MS retention time was also consistent with this structure. The 
acetylated extract was found to give a peak with a retention time of 7.0 min, the same as 
Ac-AA2βGlc under these chromatographic conditions (Fig. 2.11.). Given that all recorded 
data were consistent with the synthesised compound, the ascorbyl glycoside produced 
by M. sylvestris can be definitively assigned as AA2βGlc. 
 






Table 2.1: 2D NMR of acetylated crab apple compound and acetylated synthetic glycosides (400 MHz, CDCl3) 
  Ac-Crab apple compound Ac-AA2βGlc Ac-AA2βGal 
C# 13C 1H (HSQC) 13C 1H (HSQC) HMBC 13C 1H (HSQC) HMBC 
Ascorbic acid unit 
1 164.7 - 164.7 - 4 164.7 - 4 
2 127.5 - 127.4 - 1', 4 127.6 - 1', 4 
3 146.6 - 146.6 - 5 146.5 - 4, 5 
4 74.6 5.40 (1H, m)* 74.6 5.39 (1H, m)* 6a, 6b 74.6 5.41 (1H, m)* 6a, 6b 
5 66.8 5.40 (1H, m)* 66.7 5.39 (1H, m)* 6a, 6b 66.8 5.41 (1H, m)* 6a, 6b 
6 62.1 4.35 (1H, dd, J = 11.8, 5.2 Hz) 
4.27 (1H, m)* 
62.1 4.35 (1H, dd, J = 11.7, 5.3 Hz) 
4.27 (1H, m)* 
4, 5 62.1 4.36 (1H, dd, J = 11.7, 5.2 Hz)  
4.26 (1H, dd, J = 11.7, 7.0 Hz) 
4, 5 
Glycosyl component 
1' 97.5 5.61 (1H, d, J = 7.9 Hz) 97.5 5.61 (1H, d, J = 7.8 Hz) 3', 5', 2' 98.3 5.51 (1H, d, J = 8.0 Hz) 5' 
2' 70.9 5.13 (1H, m)* 70.9 5.12 (1H, m)* 3' 68.4 5.33 (1H, dd, J = 10.4, 8.0 Hz) 1’, 3', 4’ 
3' 72.7 5.24 (1H, t, J = 9.3 Hz) 72.6 5.24 (1H, t, J = 9.3) 2', 4' 70.7 5.06 (1H, dd, J = 10.4, 3.5 Hz) 2', 4' 
4' 68.0 5.13 (1H, m)* 68.0 5.12 (1H, m)* 3', 6'a, 6'b 67 5.39 (1H, m)* 3', 6', 6' 
5' 72.5 3.81 (1H, ddd, J = 10.2, 4.9, 2.3 Hz) 72.5 3.81 (1H, ddd, J = 10.1, 4.9, 2.3 Hz) 1', 6'a, 6'b 71.7 4.01 (1H, td, J = 6.6, 1.0 Hz) 6' 
6' 61.6 4.27 (1H, m)* 
4.11 (1H, dd, J = 12.4, 2.3 Hz) 
61.6 4.27 (1H, m)* 
4.10 (1H, dd, J = 12.4, 2.3 Hz) 
4' 61.2 4.13 (2H, dd, J = 6.5, 1.3 Hz) 5’ 
Acetate groups 




























Ac-CH3 20.8 2.26 (3H, s) 20.8 2.26 (3H, s) 
 
20.9 2.27 (3H, s) 
 
Ac-CH3 20.8 2.08 (3H, s) 20.7 2.08 (3H, s) 
 
20.8 2.16 (3H, s) 
 
Ac-CH3 20.8 2.07 (3H, s) 20.7 2.07 (3H, s) 
 
20.8 2.09 (3H, s) 
 
Ac-CH3 20.8 2.07 (3H, s) 20.7 2.07 (3H, s) 
 
20.8 2.07 (3H, s) 
 
Ac-CH3 20.8 2.03 (6H, s)* 20.7 2.03 (6H, s)* 
 
20.7 2.04 (3H, s) 
 
Ac-CH3 20.6 2.03 (6H, s)* 20.6 2.03 (6H, s)* 
 
20.6 2.03 (3H, s) 
 
Ac-CH3 20.5 2.02 (3H, s) 20.4 2.01 (3H, s)   20.5 2.00 (3H, s)   





2.2.4. Stability of ascorbyl glycosides 
Having definitively characterised the ascorbyl glycoside present in crab apples, the 
properties of this metabolite could be examined. The most obvious characteristic to 
investigate was its stability. Ascorbate is well known for its propensity to breakdown 
via oxidation, but substitution at O-2 has been shown to limit the degradation in many 
cases (Mandai et al., 1992; Yuan and Chen, 1998; Du et al., 2012). Given its prevalence as 
an additive in cosmetic and pharmaceutical products the stability of AA2αGlc is well 
established (Han et al., 2012). However, the stability of AA2βGlc has not been 
specifically investigated, therefore a stability study was conducted. 
Samples of ascorbate, AA2αGlc (commercial purchased) and AA2βGlc (synthesised – 
Chapter 5) were made up in either acid (HCl, 0. 1 M, pH 1) or base (NaOH, 0.1 M, pH 14) 
and analysed by HPLC (Instrument B, method IV) over 12 h. Light, temperature and 
exposure to oxygen were the same for each sample. Quantification based on absorbance 
at 260 nm was used to measure any degradation while MS detection allowed for 
confirmation of peak identity. Initial experiments utilised LC-MS, but unfortunately the 
presence of acid and base affected ionisation causing quantification to be unreliable. 
 

























Analysis of ascorbate revealed that under acidic conditions no degradation occurred 
within 12 h (Fig. 2.14). However, under basic conditions the metabolite was only stable 
for approximately 2 h before it degraded steadily reaching 35% of its initial 
concentration at 12 h. This result is consistent with observations reported in the 
literature (Mandai et al., 1992; Yuan et al., 1998; Du et al., 2012). Acidic conditions are 
known to stabilise ascorbate, a fact which has been led to the incorporation of meta-
phosphoric acid in many ascorbate extraction procedures (Li et al., 2010; Mazid et al., 
2011; Hijaz and Killiny, 2014; Bassi et al., 2017). Its degradation in basic conditions is 
also well documented as base attack at the C1 carbonyl carbon can readily lead to 
opening of the lactone as well as breakdown via various other pathways (Yuan et al., 
1998).  
 
Fig. 2.15. Concentration of AA2αGlc over time at pH 1 (0.1 M HCl) and pH 14 (0.1 M 
NaOH). 
The results obtained for AA2αGlc were also consistent with the expected outcome (Fig. 
2.15)(Mandai et al., 1992). No degradation of AA2αGlc was observed in either acidic or 
basic solutions over the 12 h experiment. One unusual feature of these results was the 
slight increase of AA2αGlc between 0 and 1 h. This is thought to be a result of 
insufficient mixing of the reaction solution and/or poor peak shape, as opposed to a real 
change in concentration. The fact that all other measurements were consistent with the 


























Fig. 2.16. Concentration of AA2βGlc over time at pH 1 (0.1 M HCl) and pH 14 (0.1 M 
NaOH). 
Lastly the analysis of AA2βGlc revealed that this metabolite had comparable stability to 
the AA2αGlc (Fig. 2.16). No degradation of AA2βGlc was observed in either acid or base 
over 12 h. This result confirms the assumption made regarding the stability of AA2βGlc. 
It is clear that the configuration of the glycosidic linkage does not affect the sensitivity of 
the ascorbyl glycoside to acid or base. While the chemical stability of these metabolites 
may be comparable, it is important that this result is not extended to their stability in 
biological systems. Whether in plant tissue, the human body or even a food product 
these glycosides may become a target for enzymatic hydrolysis. Unlike acid or base, 
glucosidase enzymes are highly stereospecific and will cleave only certain types of 
glycosidic linkages (Ketudat Cairns et al., 2015; Sharma et al., 2016; Ahmed et al., 2017). 
The stability of ascorbyl glycosides such as AA2βGlc and AA2αGlc in these more 
complex biological environments will therefore be highly dependent on the specific 
enzymes present. 
2.3. Conclusion 
While ascorbyl glycosides are commonplace in the cosmetic industry they are 
auspiciously rare in the plant kingdom (Toyoda-Ono et al., 2004; Hancock et al., 2008; 
Han et al., 2012). Despite the ubiquitous distribution of ascorbate. The isolation and 
























reported occurrence of AA2βGlc, the first being its isolation from goji berries (Lycium 
barbarum)(Toyoda-Ono et al., 2004). The only other ascorbyl glycoside to be isolated 
from plants is AA6βGlc from cucurbits (Hancock et al., 2008). The derivatisation 
approach that facilitated the isolation of this metabolite provides an alternative 
approach to the separation of ascorbyl glycosides from plant tissue rich in sugars, 
without the need for anion exchange chromatography. The derivatisation of the 
ascorbyl glycoside also allowed for a more thorough, and ultimately more complete, 
characterisation than many of those previously published (Kim et al., 2005; Kim et al., 
2015; Gudiminchi et al., 2016; Park et al., 2017). This process was made possible by the 
availability of synthetic ascorbyl glycosides on which to test and develop methodology. 
The preparation of these standards is discussed in Chapter 5. 
The identification of AA2βGlc in crab apples is by itself a significant finding. Not only are 
crab apples a close relative to one of the world’s largest fruit crops, but the glycoside is 
now known to be far more stable than ascorbate. These interesting properties and lack 
of previous research, combined with the importance of vitamin C to both plant and 
human metabolism, clearly warrants further investigation of this metabolite. The most 
obvious next step is to examine the distribution of this metabolite within and between 




2.4. Experimental  
2.4.1. General 
Materials 
Synthetic procedures and subsequent purifications were carried out with laboratory 
grade solvents. Chromatography and MS was carried out using either HPLC or MS grade 
reagents. All solvents and reagents were used as received. TLCs were run on Merck 
silica gel F254 plates examined under UV light and visualised with vanillin dip (2% 
vanillin, 1% conc. H2SO4, in EtOH). Column chromatography was achieved using Si-gel 
60, 200-400 mesh, 40-63 μm.  
Spectroscopy 
1H, 13C and 2D NMR spectra were recorded at either 400 MHz on a Varian 400-MHz 
NMR system or at 500 MHz on a Varian 500 MHz AR premium shielded spectrometer, 
from samples at 25 °C in 5 mm tubes. 1H chemical shifts are reported in ppm relative to 
the singlet at 7.26 ppm for CDCl3, the quintet at 3.31 ppm for CD3OD, or the singlet at 
4.79 ppm for D2O. 13C chemical shifts are reported in ppm relative to the triplet at 77.16 
ppm for CDCl3, or the septet at 49.00 ppm for CD3OD. 
Chromatography and mass spectrometry 
A) High resolution mass spectra (HRMS) were recorded on a Bruker microTOFQ 
mass spectrometer using an electrospray ionisation source in either positive or 
negative mode. 
B) The LC-MS system consisted of a Shimadzu LC20 Prominence liquid 
chromatograph system linked to a Shimadzu LCMS-2020 mass spectrometer 
with electrospray ionisation controlled by LabSolutions software. 
I. Sample solution (1 µL) was injected directly into the MS via a C18 guard 
cartridge with isocratic flow of 0.2 mL/min MeOH + 0.1% formic acid. 
II. A C18 (Vision HT, 50 x 2.1 mm, 3 µm) column equipped with C18 guard 
cartridge was maintained at 40 °C and eluted with a mobile phase of A: 
H2O + 0.1% formic acid and B: MeOH + 0.1% formic acid with a flow rate 




min 40% B, 8-12 min 40-100% B, 12-14 min 100% B, 14-15 min 100-10% 
B, 15-18 min 10% B.  
III. A Phenomenex (Luna HILIC, 150 x 4.6 mm, 3 µm, 200 Å) column equipped 
with a HILIC guard cartridge was maintained at 40 °C and eluted with a 
mobile phase of A: H2O + 10 mM ammonium formate (pH 6.7) and B: 
MeCN. An injection volume of 15 µL and flow rate of 0.7 mL/min were 
used. The gradient used was as follows: 0-8 min 90% B, 8-12 min 90-50% 
B, 12-14 min 50% B, 14-15 min 50-90% B, 15-18 min 90% B. 
IV. Column and mobile phase composition the same as for method III. An 
injection volume of 5 µL and flow rate of 0.7 mL/min were used and the 
column eluted isocratically at 90% B for 15min. Single wavelength UV 
detection (260nm) was incorporated prior to MS detection.  
C) The LC-MS system consisted of a Dionex Ultimate 3000 Rapid separation LC 
system (Thermo Scientific) linked to a microTOFQ QII mass spectrometer 
(Bruker Daltonics, Bremen, Germany) with electrospray ionisation, operated in 
negative ion mode and controlled by Chromeleon Chromatography Data System 
software. 
I. Quantitative analyses were conducted using a Phenomenex (Luna HILIC 
100 x 2.0 mm, 3 µm) column at 40 °C with a mobile phase of A: 20 mM 
ammonium formate (pH 5) and B: MeCN with a flow rate of 0.2 mL/min. 
The gradient used was as follows: 0-2 min 95% B, 2-10 min 95-50% B, 
10-12 min 50% B, 12-14 min 50-95% B, 14-16 min 95% B. 
D) The UHPLC-UV system consisted of a Dionex Ultimate 3000 Rapid separation LC 
system (Thermo Scientific) equipped with PDA detection. Instrument control 
and data analysis were performed using Chromeleon Chromatography Data 
System software. 
I. A Phenomenex (Luna HILIC 150 x 4.6 mm, 3 µm) column was used and eluted 
isocratically at 1.0 mL/min over 10min with 80:20 MeCN and H2O + 20mM 




II. Column and method details the same as for method I. A Foxy fraction 
collector was added to the instrument configuration and the injection volume 
increased to 50 uL. 
2.4.2 Derivatisation of relevant metabolites 
Acetylation under basic conditions 
2,3,4,6,1’,3’,4’,6’-Octa-O-acetyl-sucrose [CAS#126-14-7] 
 
To a stirred solution of sucrose (500 mg, 1.46 mmol) in pyridine (5 mL, 62.1 mmol) was 
added acetic anhydride (5 mL, 52.9 mmol) at 0 °C. The solution was allowed to warm to 
room temperature and stirred overnight before it was diluted with ice water, extracted 
with EtOAc, washed with HCl (1 M), water, 5% NaHCO3, and water again before it was 
dried over anhyd. MgSO4 and solvent removed under reduced pressure to give the title 
compound as a colourless oil (950 mg, 1.40 mmol), 96% yield.  
1H NMR (400 MHz, CDCl3) δ 2.01 (3H, s, Ac-CH3), 2.01 (3H, s, Ac-CH3), 2.04 (3H, s, Ac-
CH3), 2.09 (3H, s, Ac-CH3), 2.09 (3H, s, Ac-CH3), 2.10 (3H, s, Ac-CH3), 2.11 (6H, s, 2 x Ac-
CH3), 2.17 (3H, s, Ac-CH3), 4.26 (8H, m), 4.87 (1H, dd, J = 10.4, 3.7 Hz), 5.07 (1H, t, J = 9.8 
Hz), 5.36 (1H, t, J = 5.9 Hz), 5.44 (2H, m), 5.68 (1H, d, J = 3.7 Hz); 13C NMR (100 MHz, 
CDCl3) δ 170.9 (Ac-CO), 170.6 (Ac-CO), 170.3 (Ac-CO), 170.3 (Ac-CO), 170.2 (Ac-CO), 
170.1 (Ac-CO), 169.8 (Ac-CO), 169.7 (Ac-CO), 104.1, 90.1, 79.2, 75.8, 75.1, 70.4, 69.8, 
68.6, 68.3, 63.8, 63.0, 61.9, 20.7-20.9 (8 x Ac-CH3); HR-ESI-MS (positive ion mode) m/z 






To a stirred solution of α-D-glucose (5.0 g, 27.8 mM) in pyridine (25 mL, 310.5 mmol) 
was added acetic anhydride (15 mL, 264.5 mmol) at 0 °C. The solution was allowed to 
warm to room temperature and stirred overnight before it was diluted with ice water, 
extracted with EtOAc, washed with HCl (1 M), water, 5% NaHCO3, and water again 
before it was dried over anhyd. MgSO4 and solvent removed under reduced pressure to 
give the title compound as a white solid (10.84 g, 27.8 mM), 100% yield.  
1H NMR (400 MHz, CDCl3) δinter alia 2.01 (3H, s, Ac-CH3), 2.02 (3H, s, Ac-CH3), 2.04 (3H, s, 
Ac-CH3), 2.09 (3H, s, Ac-CH3), 2.18 (3H, s, Ac-CH3), 4.10 (2H, m, 5-H & 6-H), 4.26 (1H, dd, 
J = 12.6, 4.2 Hz, 6-H), 5.11 (2H, m, 3-H & 4-H), 5.47 (1H, t, J = 9.9 Hz, 2-H), 6.33 (1H, d, J = 
3.7 Hz, 1-H); 13C NMR (100 MHz, CDCl3) δ 170.6 (Ac-CO), 170.2 (Ac-CO), 169.6 (Ac-CO), 
169.4 (Ac-CO) 168.7 (Ac-CO), 89.0 (C1), 69.8 (C2, C5), 69.2 (C3), 67.9 (C4), 61.4 (C6), 
20.9 (Ac-CH3), 20.7 (Ac-CH3), 20.6 (Ac-CH3), 20.5 (Ac-CH3), 20.4 (Ac-CH3); HR-ESI-MS 
(positive ion mode) m/z 413.1056 [M + Na]+ (calcd for C16H22O11Na, 413.1054). 
2-O-(2’,3’,4’,6’-Hexa-O-acetyl)-glucopyranosyl-3-O-acetyl-4, 5-dehydro-ascorbic acid 
 
To a stirred solution of 2-O-β-D-glucopyranosyl-L-ascorbic acid (40 mg, 0.12 mmol) in 
acetic anhydride (5 mL, 52.9 mmol) was added pyridine (5 mL, 62.1 mmol) at 0 °C. The 
solution was allowed to warm to room temperature and stirred overnight before it was 
diluted with ice water, extracted with EtOAc, washed with HCl (1 M), water, 5% 
NaHCO3, and water again before it was dried over anhyd. MgSO4 and solvent removed 
under reduced pressure to give the title compound as a colourless oil (30 mg, 0.05 
mmol), 44% yield.  
1H NMR (400 MHz, CDCl3) δ 2.01 (3H, s, Ac-Me), 2.03 (3H, s, Ac-Me), 2.07 (3H, s, Ac-Me), 
2.07 (3H, s, Ac-Me), 2.07 (3H, s, Ac-Me), 2.31(3H, s, Ac-Me), 3.87 (1H, ddd, J = 10.0, 4.8, 
2.3 Hz, 5’-H), 4.12 (1H, dd, J = 12.4, 2.3 Hz, 6’-Ha), 4.27 (1H, dd, J = 12.4, 4.8 Hz, 6’-Hb), 




5.36 (1H, t, J = 7.3 Hz, 5-H), 5.73 (1H, d, J = 7.9 Hz, 1’-H); 13C NMR (100 MHz, CDCl3) δ 
170.6 (Ac-CO), 170.6 (Ac-CO), 170.0 (Ac-CO), 169.4 (Ac-CO), 169.4 (Ac-CO), 164.6 (Ac-
CO), 160.1 (C1), 142.9 (C4), 138.6 (C3), 130.1 (C2), 103.8 (C5), 97.3 (C1’), 72.4 (C5’), 
72.4 (C2’), 70.6 (C3’), 67.9 (C4’), 61.4 (C6’), 57.4 (C6), 20.8 (Ac-CH3), 20.7 (2 x Ac-CH3), 
20.6 (Ac-CH3), 20.6 (Ac-CH3), 20.1 (Ac-CH3); HR-ESI-MS (positive ion mode) m/z 
595.1270 [M + Na]+ (calcd for C24H28O16Na, 595.1271). 
Acetylation under acidic conditions 
2,3,4,6,1’,3’,4’,6’-Octa-O-acetyl-sucrose [CAS#126-14-7] 
 
To a stirred mixture of sucrose (500 mg, 1.46 mmol) in acetic anhydride (5 mL, 52.9 
mmol) was added perchloric acid (1 drop) at 0 °C. The reaction was stirred for 2 h at 0 
°C and then allowed to warm to room temperature over an hour. Ice water was used to 
quench the reaction before it was extracted with EtOAc, washed with NaHCO3 and brine, 
dried over anhyd. MgSO4 and solvent removed under reduced pressure to give the title 
compound as a colourless oil (783 mg, 1.14 mmol), 78% yield.  
1H NMR (400 MHz, CDCl3) δ 2.01 (3H, s, Ac-CH3), 2.04 (3H, s, Ac-CH3), 2.09 (3H, s, Ac-
CH3), 2.09 (3H, s, Ac-CH3), 2.10 (3H, s, Ac-CH3), 2.11 (6H, s, 2 x Ac-CH3), 2.17 (3H, s, Ac-
CH3), 4.23 (7H, m), 4.34 (1H, dd, J = 11.9, 4.4 Hz), 4.87 (1H, dd, J = 10.4, 3.7 Hz), 5.07 (1H, 
t, J = 9.8 Hz), 5.36 (1H, t, J = 5.9 Hz), 5.44 (2H, m), 5.68 (1H, d, J = 3.7 Hz); 13C NMR (100 
MHz, CDCl3) δ 170.9 (Ac-CO), 170.6 (Ac-CO), 170.3 (Ac-CO), 170.3 (Ac-CO), 170.2 (Ac-
CO), 170.1 (Ac-CO), 169.8 (Ac-CO), 169.7 (Ac-CO), 104.1, 90.1, 79.2, 75.8, 75.1, 70.4, 
69.8, 68.6, 68.3, 63.8, 63.0, 61.9, 20.7-20.9 (8 x Ac-CH3); HR-ESI-MS (positive ion mode) 









To a stirred mixture of glucose (830 mg, 4.6 mmol) in acetic anhydride (7 mL, 74.1 
mmol) was added perchloric acid (1 drop) at 0 °C. The reaction was stirred for 2 hrs at 0 
°C and then allowed to warm to room temperature over an hour. Ice water was used to 
quench the reaction before it was extracted with EtOAc, washed with NaHCO3 and brine, 
dried over anhyd. MgSO4 and solvent removed under reduced pressure to give the title 
compound as a white solid (1680 mg, 4.3 mmol), 93% yield.  
1H NMR (400 MHz, CDCl3) δ 2.01 (3H, s, Ac-CH3), 2.02 (3H, s, Ac-CH3), 2.03 (3H, s, Ac-
CH3), 2.08 (3H, s, Ac-CH3), 2.16 (3H, s, Ac-CH3), 4.10 (2H, m, 5-H & 6-H), 4.26 (1H, dd, J = 
12.5, 4.2 Hz, 6-H), 5.11 (2H, m, 3-H & 4-H), 5.46 (1H, dd, J = 9.8, 3.8 Hz, 2-H), 6.32 (1H, d, 
J = 3.7 Hz, 1-H); 13C NMR (100 MHz, CDCl3) δ 170.6 (Ac-CO), 170.2 (Ac-CO), 169.6 (Ac-
CO), 169.4 (Ac-CO) 168.7 (Ac-CO), 89.0 (C1), 69.8 (C2, C5), 69.2 (C3), 67.9 (C4), 61.4 
(C6), 20.9 (Ac-CH3), 20.7 (Ac-CH3), 20.6 (Ac-CH3), 20.5 (Ac-CH3), 20.4 (Ac-CH3); HR-ESI-
MS (positive ion mode) m/z 413.1058 [M + Na]+ (calcd for C16H22O11Na, 413.1054). 
2,3,5,6-tetra-O-acetyl-L-ascorbic acid [CAS#108245-75-6] 
 
To a stirred mixture of ascorbic acid (500 mg, 2.81 mmol) in acetic anhydride (3 mL, 
31.8 mmol) was added perchloric acid (1 drop) at 0 °C. The reaction was stirred for 2 h 
at 0 °C and then allowed to warm to room temperature over an hour. Ice water was 
used to quench the reaction before it was extracted with EtOAc, washed with NaHCO3 
and brine, dried over anhyd. MgSO4 and solvent removed under reduced pressure to 




1H NMR (400 MHz, CDCl3) δ 2.05 (3H, s, Ac-CH3), 2.08 (3H, s, Ac-CH3), 2.26 (3H, s, Ac-
CH3), 2.27 (3H, s, Ac-CH3), 4.30 (1H, d, J = 11.6, 7.3 Hz, 6-Ha), 4.40 (1H, dd, J = 11.6, 5.7 
Hz, 6-Hb), 5.37 (1H, d, J = 1.7 Hz, 4-H), 5.48 (1H, ddd, J = 7.30, 5.7, 1.7 Hz, 5-H); 13C NMR 
(100 MHz, CDCl3) δ 170.4 (Ac-CO), 170.2 (Ac-CO), 166.5 (Ac-CO), 166.3 (Ac-CO), 164.9 
(C1), 149.9 (C3), 122.2 (C2), 75.1 (C4), 66.5 (C5), 62.2 (C6), 22.3 (Ac-CH3), 20.8 (Ac-
CH3), 20.5 (Ac-CH3), 20.2 (Ac-CH3); HR-ESI-MS (positive ion mode) m/z 367.0633 [M + 
Na]+ (calcd for C14H16O10Na, 367.0636). 
3,5,6,2’,3’,4’,6’-Hepta-acetyl-2-O-β-D-glucopyranosyl-L-ascorbic-acid 
 
To a stirred mixture of 2-O-β-D-glucopyranosyl-L-ascorbic-acid (50 mg, 0.15 mmol) in 
acetic anhydride (5 mL, 52.9 mmol) was added perchloric acid at 0 °C. The reaction was 
stirred for 2 hrs at 0 °C and then allowed to warm to room temperature over an hour. 
Ice water was used to quench the reaction before it was extracted with EtOAc, washed 
with NaHCO3 and brine, dried over anhyd. MgSO4 and solvent removed under reduced 
pressure to give the title compound as a colourless oil (66 mg, 0.11 mmol), 71% yield.  
1H NMR (400 MHz, CDCl3) See Table 2.1; 13C NMR (100 MHz, CDCl3) See Table 2.1; 2D 
NMR (400 MHz, CDCl3) See Table 2.1; HR-ESI-MS (positive ion mode) m/z 655.1470 [M 






To a stirred mixture of 2-O-β-D-galactopyranosyl-L-ascorbic-acid (300 mg, 0.89 mmol) 
in acetic anhydride (15 mL, 158.7 mmol) was added perchloric acid at 0 °C. The reaction 
was stirred for 2 hrs at 0 °C and then allowed to warm to room temperature over an 
hour. Ice water was used to quench the reaction before it was extracted with EtOAc, 
washed with NaHCO3 and brine, dried over anhyd. MgSO4 and solvent removed under 
reduced pressure to give the title compound as a colourless oil (411 mg, 0.65 mmol), 
73% yield.  
1H NMR (400 MHz, CDCl3) See Table 2.1; 13C NMR (100 MHz, CDCl3) See Table 2.1; 2D 
NMR (400 MHz, CDCl3) See Table 2.1; HR-ESI-MS (positive ion mode) m/z 655.502 [M + 
Na]+ (calcd for C26H32O18Na, 655.1481); LC-MS (Instrument B, method II) See Fig. 2.11. 
2.4.3 Isolation and characterisation 
Extraction of M. sylvestris fruit* 
*The work in the following paragraph (italics) was completed by Tony McGhie of Plant & 
Food Research, Palmerston North. This is included for context and all other work was 
conducted by the author. 
Fruit (980 g) was collected from the Plant & Food Research orchard in Havelock North by 
William Laing (M. sylvestris related, Collected 2017). This sample was homogenised with 
dry ice using a Hobart food chopper and a portion of the chopped fruit (664 g) were 
extracted with 3 L of MeOH:H2O:Formic Acid (50:50:1) before it was further homogenised 
with an Omni GLH blender. The mixture was then left to extract overnight at 4 °C. The 
extract was filtered and solid residue extracted with a further 2 L of MeOH:H2O:Formic 
Acid (50:50:1) and left overnight at 4 °C. The second extract was filtered and MeOH 
removed by evaporation to give a sample from which 50 mL was taken for LC-MS analysis 
(instrument C, method I). The remaining portions of extract were concentrated and freeze 
dried before semi-prep HPLC (instrument D, method II) was used to purify a portion of the 
target peak (5 mg, inc. buffer). Analytical UHPLC (instrument D, method I) was used to 
analyse the apple extract and commercially purchased AA2αGlc alongside two synthetic 
glycosides, namely AA2βGlc and AA2βGal (Chapter 5). A portion of the extract spiked with 
an aliquot of the synthetic AA2βGlc was also analysed in the same manner.  
Further LC-MS comparisons were conducted at Otago University by the author 




analysed alongside commercial AA2αGlc and the purified extract. NMR and HRMS 
spectra were also recorded on the purified material.  
1H NMR (D2O) 400 MHz See Fig. 2.7.; HR-ESI-MS (negative ion mode) m/z 341.1115 [M - 
H]- (calcd for C12H21O11, 341.1084), m/z 337.0803 [M – H]- (calcd for C12H17O11, 
337.0776). 
2-O-β-D-glucopyranosyl-L-ascorbic acid from M. sylvestris fruit 
Fruit were collected from the Plant & Food Research orchard in Havelock North by 
Claire Molloy (M. sylvestris, 18/04/18). Peel of the apples (13.4 g, from 5 apples) was 
frozen under liquid N2, ground to a powder with a pestle and mortar, and extracted by 
shaking overnight with MeOH:H2O + 5% w/v mHPO4 (100 mL). The extract was filtered, 
concentrated and freeze dried to give the crude material as a pale pink powder (3.5 g). 
To a stirred mixture of this crude extract (2.0 g) in acetic anhydride (40 mL) was added 
perchloric acid in acetic anhydride (10 drops, in 5 mL) at 0 °C. The reaction was stirred 
for 2 hrs at 0 °C and then allowed to warm to room temperature over an hour. Ice water 
was used to quench the reaction before it was extracted with EtOAc, washed with 
NaHCO3 and brine, dried over anhyd. MgSO4 and solvent removed under reduced 
pressure to give the acetylated extract as a brown sludge (4.1 g). The acetylated extract 
(4.1 g) was subsequently fractionated with Si-gel chromatography (DCM:Et2O) and 
fractions were analysed by MS (instrument B, method I). The fractions which contained 
the best ratio of AA2βGlc to other acetates were combined and solvent removed in 
vacuo to give a mixture of acetylated products (150 mg). A second Si-gel column 
(DCM:Et2O) was used to isolate hepta-acetyl-2-O-β-D-glucopyranosyl-L-ascorbic acid 
(5.8 mg) from this mixture. 1H NMR (400 MHz, CDCl3) See Table 2.1; 13C NMR (100 MHz, 
CDCl3) See Table 2.1; 2D NMR (400 MHz, CDCl3) See Table 2.1; HR-ESI-MS (positive ion 
mode) m/z 655.1457 [M + Na]+ (calcd for C26H32O18Na, 655.1481). 
2.4.4 Stability study 
Stock solutions of ascorbate, AA2αGlc and AA2βGlc were made up in H2O (1 mg/mL). 
Solutions of HCl and NaOH (0.133 M) were also prepared in H2O. Stability studies were 
initiated by addition of an ascorbate derivative solution (250 µL) to either acid or base 
solution (750 µL). This gave final concentrations of 250 µg/mL for the ascorbate 




(Instrument B, method IV) at 30 min intervals up to 6 h, and 60 min intervals up to 12 h. 
Quantification was based on peak area at 260 nm and achieved by comparison to 
standards of each of the three ascorbate derivatives over a concentration range of 5-500 




Chapter 3: Distribution 
3.1. Introduction  
3.1.1. Localisation & variation of plant metabolites 
The study of secondary metabolites in plants has become increasingly detailed as new 
techniques and methodologies have emerged (Chapter 1)(Wink, 2003). Specifically 
there is a shift from whole plant extractions to the analysis of individual tissue types, or 
even microscopic and subcellular structures (Bird et al., 2003; Killeen et al., 2015). Such 
localised investigations provide a wealth of information that would be lost if the plant 
was analysed as a whole. Techniques such as MS imaging can take this approach to the 
cellular level providing detailed information on the spatial distribution of metabolites 
with micron resolution (Fig. 3.1.) (Bhandari et al., 2015). However, simply performing 
separate analysis of tissues such as leaves, fruits, stems and roots can still provide 
useful insights. Inclusion of multiple tissue types is more valuable than analysis of a 
single plant part in isolation, or a homogenous whole plant extract. Building a clear 
picture of how specific metabolites are distributed throughout a plant can reveal the 
likely function of the compound in question (Demain et al., 2000). For example, 
discovering that a metabolite is only present in young tissues may mean it is associated 
with growth, or a toxin that is localised in leaves may act as an antifeedant (Killeen et al., 
2015; Smirnoff, 2018). While far from explicit proof of physiological function, the 
distribution of specific phytochemicals is clearly valuable and can raise new questions 





Fig. 3.1. An example of MS imaging in the analysis of plant tissue. Photographic image of 
healthy (a) and diseased (d) wheat seeds, microscopic images of their respective cross 
sections (b & e) and ion images showing the microscopic distribution of a tetra-hexose 
metabolite (red) and a fungal metabolite 4-(trimethylammonio)but-2-enoate (green) 
(Bhandari et al., 2015).  
Another variable affecting the phytochemical composition of plants that is commonly 
ignored is time (Pavarini et al., 2012; Prinsloo and Nogemane, 2018). Plants are not 
static objects but are living organisms that are constantly changing over a period of 
days, months and years. The stage of development and time of year at which a plant is 
sampled, can drastically affect the metabolites present and their relative concentrations 
(McIntyre et al., 2009; Thomsen et al., 2012; Prinsloo et al., 2018). This is clearly 
exemplified by the annual cycle between growth and dormancy exhibited by all 
deciduous plants. In spring and summer compounds associated with growth, flowering 
and energy production come to the fore. While in winter months these processes are 
not required and the associated metabolites decline. Not all secondary metabolites are 
affected by seasonal variation, but this possibility is often overlooked in the study of 




One of the most important examples of why seasonal variation of phytochemicals 
should be examined is associated with the growth of medicinal crops (McIntyre et al., 
2009; Thomsen et al., 2012; Manayi et al., 2015). Many plants with well documented 
medicinal uses are produced commercially and harvested for use in supplements, health 
products and herbal remedies. A famous example of such a plant is Echinacea (Fig. 3.2.) 
(Thomsen et al., 2012; Manayi et al., 2015). This flowering plant is native to North 
America and well known for its use in the treatment of the common cold, upper 
respiratory tract infections and other diseases. It is also taken in a variety of forms as a 
preventative measure against the same ailments and for general health (Thomsen et al., 
2012; Manayi et al., 2015). The activity of Echinacea extracts has been attributed to a 
wide range of secondary metabolites, most notably alkamides (Woelkart and Bauer, 
2007). Quantitative analyses of Echinacea extracts harvested at different times of year 
has shown that the concentrations of these active components are largely dependent on 
the season (Thomsen et al., 2012). Studies such as this have allowed for harvesting to be 
conducted at a time which maximises the efficacy of the plants collected and thus the 
value of the resulting products. 
 
Fig. 3.2. Echinacea (left) is a medicinal plant used in many herbal remedies (right) and 
contains a wide variety of secondary metabolites effected by seasonal variation (Pexels, 
www.pexels.com, Accessed 3/07/2019). 
While seasonal variation is the most common reason for changes in natural product 
composition over time, many other factors contribute to the phytochemical profile of 




2018). These include environmental conditions and nutrient availability, as well as 
other stress factors. All of these are difficult to study, and their effects are even harder 
to predict. It is clear that the chemical composition of plants is complex and ever 
changing. Analyses attempting to study the distribution and physiological role of these 
metabolites should account for variables such as tissue type, collection date and stage of 
development. By incorporating these factors into experimental design more useful 
information can be gathered and more accurate conclusions can be drawn from the data 
obtained. 
3.1.2. Distribution of ascorbic acid in plants 
Ascorbate is one of the best studied plant metabolites due to its plethora of important 
physiological functions in both plants and humans (Chapter 1, Section 1.4.) (Smirnoff, 
2018). Since the metabolite of interest in this investigation, AA2βGlc, is a derivative of 
ascorbate it is pertinent to understand the distribution and variation of ascorbate in 
plants. Comparing the distribution of AA2βGlc in crab apples, and potentially other 
plants, to that of ascorbate may provide clues to uncovering the function of this 
previously overlooked derivative. 
There are few clear trends in the distribution of ascorbate in plants, and its 
concentration often varies dramatically between species or from one plant tissue to 
another (Chapter 1, Section 1.4). The relative concentration in different tissue types can, 
in some cases, be rationalised based on function, but there are many exceptions to this 
(Mazid et al., 2011; Smirnoff, 2018). Since crab apples are of little commercial interest, 
limited data have been reported on the content and distribution of ascorbate in this 
crop. Sharma et al. reported quantification of ascorbate in peel, flesh and seeds of the 
crab apple variety M. baccata (Sharma et al., 2016). This study showed that flesh 
contained the highest ascorbate content and peel the least, the same distribution was 
reported in a domestic apple cultivar ‘Red Delicious’ as part of the same experiment. 
This result is the reverse of what has been established in domestic cultivars by other 
authors (Sharma et al., 2016; Bassi et al., 2017). These inconsistences with other 
literature, and the method of quantification (titration), gave little confidence that these 
values could be relied upon to give an accurate representation of ascorbate in crab 




approximately 20 mg/100 g FW which is close to what is expected in the domestic apple 
cultivars (Zhou et al., 1987). 
While investigations focused on crab apple are scarce, the ascorbate content of domestic 
apples has understandably been more thoroughly investigated. The majority of 
domestic cultivars have 5-30 mg/100 g FW for whole fruit (Espley et al., 2013; Bassi et 
al., 2017; Yahia, 2018). A large study by Bassi et al. quantified ascorbate in the flesh, 
peel and juice of 64 apple cultivars. In all cases ascorbate was more concentrated in peel 
(6-60 mg/100 g FW) than in flesh of the same fruit (1-12 mg/100 g FW). Losses during 
processing mean that juice is often very low in ascorbate (1-8 mg/L) (Bassi et al., 2017). 
These values are generally low compared to other fruit and vegetables (Table 3.1.), but 
this is in some ways a misconception driven by a focus on the edible tissues of a plant. 
While apple fruit may be low in ascorbate, the concentration in leaves of the same plant 
is in fact extremely high. This concentration has been reported to reach over 400 
mg/100 g FW which is thought to be higher than many other crops, although any exact 
values for these other species are not easily found (Mellidou et al., 2012; Yahia, 2018). 
High levels of ascorbate in leaf tissue are common to many plants as this is often the 
primary site of both biosynthesis and utilisation of ascorbate (Mellidou et al., 2012; 





Table 3.1: Ascorbate concentration in common fruits (NZFCD, 2019) 
Fruit Ascorbate in fruit (mg/100 g FW) 
Blackcurrant 241 
Guava 230 
Rose hips (Sweet briar) 200 (Tuba et al., 1943) 
Kiwifruit (Gold) 161 
Kiwifruit (green) 122 
Lemon 80 

















*Member of Rosaceae family 
The Rosaceae family, to which apples and crab apples belong, contains many other 
fruits that are grown on an industrial scale for worldwide export and consumption (Fig. 
3.3). These include stone fruits such as peach, apricot, cherry and plum, as well as 
raspberries and pears (Farinati et al., 2017; Yahia, 2018). Interestingly the majority of 
these crops are also relatively low in ascorbate (Table 3.1.). Many of these fruits have 
ascorbate concentrations of 5-30 mg/100 g FW, which is very similar to the range 
reported in apples (Table 3.1.). There are few data to be found on other plant parts of 
these crops, but what is reported suggests higher ascorbate concentrations in leaves 
than fruit, although not to the extent of apple leaves (Bassi et al., 2017; Smirnoff, 2018; 
Yahia, 2018). Another member of the Rosaceae family, sweet briar (Rosa rubiginosa), is 
well known for its extremely high ascorbic acid concentration. The fruits of this plant 
have been found to contain in excess of 200 mg/100 g FW, a stark contrast to the 





Fig. 3.3. A selection of plants belonging to the Rosaceae family. A) Peach, B) apricot, C) 
apples, D) strawberries, E) rose, F) pear, G) cherry, H) plum, I) raspberry (Pexels, 
www.pexels.com, Accessed 3/07/2019). 
Given that only two plants other than crab apples are reported to produce ascorbyl 
glycosides, it is impossible to know if there is a relationship between the distribution of 
these glycosides and ascorbate (Toyoda-Ono et al., 2004; Hancock et al., 2008). After 
identification of AA2βGlc in goji berries the same authors screened a selection of other 
crops for the same metabolite. These included leaves and roots of the goji berry, but 
only fruit tissues for all other crops were examined and no positive results were 
reported (Toyoda-Ono et al., 2004). While the study of AA6βGlc in zucchini incorporated 
the analysis of a variety of tissue types, no other crops were included in the 




tissues have not been investigated for ascorbyl glycosides it is likely that they are 
produced by other plants, but have not yet been identified. The most obvious candidates 
are domestic apples and other plants belonging to the Rosaceae family. 
3.1.3. Chapter outline 
The work presented in this chapter aimed to determine the distribution of the newly 
identified AA2βGlc in different plant parts of crab apples, and to screen other related 
crops for the presence of the same metabolite. This was achieved using quantitative LC-
MS to analyse different plant parts for both ascorbate and AA2βGlc. A selection of crab 
apples, domestic apples and other Rosaceae crops were sampled at different times to 
capture any seasonal variation. The results of these analyses revealed how widely this 
previously overlooked metabolite is distributed in fruit crops, and provided a clue as to 





3.2. Results and discussion 
The results in this chapter are presented in two distinct sections. The first section is a 
quantitative investigation of the newly identified ascorbyl glycoside in a selection of 
apple cultivars over the period of fruit development (Section 3.2.1.). The second expands 
upon this study to analyse a wide variety of fruit crops from the Rosaceae family 
(Section 3.2.2.). Lastly the implications of these results are discussed with regard to the 
likely function of the metabolite (Section 3.2.3.). Throughout this chapter results are 
given in graphical form (Fig. 3.4-3.14). The data from which these graphs were 
generated are tabulated in Appendix 1. 
3.2.1. Quantification of AA2βGlc in apples 
Sampling 
In order to gain the best possible understanding of the distribution of AA2βGlc in apple 
trees, three separate collections were carried out. These were conducted in Oct 2017, 
Dec 2017, and Feb 2018, representing the start, middle and end of fruit development. 
Unfortunately the exact genotypes in which AA2βGlc was first detected were no longer 
available for sampling (Cho, 2016). The most closely related trees to those in the 
original experiment were coded ABGS0009 and ABGS0969, also growing at Plant & 
Food Research Havelock North. These two genotypes, alongside a pure M. sylvestris, 
were selected to check for AA2βGlc. A Royal Gala and a Braeburn tree were also 
included to provide a comparison, as previous analyses had shown that their fruit did 
not contain AA2βGlc (Cho, 2016). These particular genotypes were also selected since 
Braeburn is known to have a high ascorbic acid content while the Royal Gala is low in 
ascorbic acid (Bassi et al., 2017). 
So as to minimise the variables involved, the three collections were carried out in a 
virtually identical manner, including the time of day and branches from which samples 
were taken. In addition to fruit samples, leaves were collected as they are the primary 
site of ascorbate biosynthesis in plants and had not previously been analysed for 
AA2βGlc (Smirnoff, 2018). Young and mature leaves were collected separately as they 
behave differently with regard to the transport of metabolites. Young leaves are a sink 
tissue as they import resources to facilitate rapid growth (Turgeon et al., 2009). 




resources for the rest of the plant to utilise (Turgeon et al., 2009). Making this 
distinction between tissue types is essential when attempting to draw conclusions 
regarding the translocation of metabolites in the plant.  
Once harvested, fruit and leaves were transported from the orchard in Havelock North 
to the analytical laboratory in Palmerston North on ice. During the first collection 
additional samples were transported on dry ice as an extra precaution. However, initial 
results showed that this was unnecessary as the AA2βGlc concentration was found to be 
within 1 mg/100 g FW of samples transported on wet ice. Samples were subsequently 
frozen, ground to a powder, extracted with 33% EtOH in H2O containing mHPO3 and 
analysed by HILIC LC-MS (Instrument C, method I). For the first two collections (Oct-17, 
Dec-17) only AA2βGlc was quantified, but for the Feb-18 sample set ascorbate was also 
measured to provide a comparison of the two metabolites. Ascorbate was measured 
using a separate extraction method and analysed by UHPLC-UV (Instrument D, method 
IV). 
Quantification 
Ascorbate was quantified by comparison of peak areas to a standard curve generated 
from analysis of analytical grade ascorbate made up to a range of concentrations in 
extraction buffer. At the time of the analyses presented in this section, a pure sample of 
AA2βGlc was not available to be used as a standard for quantification of the ascorbyl 
glycoside. For this reason a commercial sample of AA2αGlc was used as a standard in its 
place. Subsequent comparison of AA2βGlc and AA2αGlc (Instrument C, method I) 
showed that, despite the almost identical structures, their response was significantly 
different. When injected at equivalent concentrations, the observed LC-MS peak area for 
AA2βGlc was approx. 4 times that of AA2αGlc. Obvious reasons for this difference such 
as degradation of AA2αGlc during storage and purity of both standards were examined 
and ruled out. It was concluded that the stereochemistry of the glycosidic linkage must 
in some way affect ionisation under the LC-MS conditions used, but no literature 
precedent could be found. 
The result of this phenomenon is that the AA2βGlc values reported in this section are 
overestimates of the actual AA2βGlc concentrations. In theory an adjustment to the 




However, any correction factor chosen would be based on the comparison of standard 
solutions analysed a full year later than the original analysis. For this reason and to 
avoid further manipulation of the data the values are reported without modification. In 
the following section (3.2.2), as well as elsewhere in this thesis, AA2βGlc is used as a 
standard. This is important because direct comparisons of exact values between these 
investigations is not valid due to the differences in quantitation methods.  
Statistical analyses* 
*Statistical analyses discussed in Section 3.2.1 were conducted by Linley Jesson of Plant & 
Food Research and results given to the author for interpretation. 
Replicate samples were collected and analysed so that it was possible to perform 
statistical analyses on the results obtained. The purpose of this enquiry was to assess 
which factors may influence the AA2βGlc concentration in apples and to identify any 
trends present in the data. The variables considered were genotype, tissue type, and 
stage of development (collection date). To achieve this several statistical methods were 
employed. The primary tool utilised was ANOVA (analysis of variance), which is a 
statistical technique designed to check if the means of two or more groups are 
significantly different from each other (Freund et al., 2010). For example, this can be 
used to check whether the average concentration of AA2βGlc is significantly different in 
samples collected in October (spring) compared to those collected in February (late 
summer). The results of ANOVA are typically given as a p value. If p < 0.05 then it is 
conventionally said that there is a significant difference between the means of the 
groups in question (Freund et al., 2010). 
The second statistical tool used in this analysis was the Tukey test, also known as the 
honest significant difference (Freund et al., 2010). In this method each mean is 
compared to the mean of every other individual group and those with differences 
greater than the expected variation are said to be significantly different (Freund et al., 
2010). As with ANOVA, the result is expressed as a p value. This test is most valuable 
when a variable does not have a significant effect on the sample set as a whole, but may 
affect one or more of the individual groups. For example, ANOVA may find that genotype 
is not a good predictor of AA2βGlc, but a Tukey test may show that two individual 




that only one tree from each genotype was sampled and therefore the replicates do not 
take into account the variation one might expect to see within a genotype. Additionally 
the number of samples, while large for multiple preparations and LC-MS analyses, is on 
the lower limit for this type of statistical analysis and only the major trends have been 
highlighted so as not to over interpret the data. 
Fruit 
In the previous experiments conducted by Jung Cho fruits were the only plant part 
analysed and ascorbyl glycoside was identified in two genotypes related to M. sylvestris 
(Cho, 2016). These results were not quantitative. In the current study fruits of three 
related crab apple genotypes (M. sylvestris, ABGS0009 and ABGS0969) were all found to 
have high concentrations of AA2βGlc (>100 mg/100 g FW)(Fig. 3.4.). Conversely the 
fruits of Royal Gala and Braeburn were virtually devoid of AA2βGlc (<10 mg/100g FW) 
(Fig. 3.4.). The stark difference between the M. sylvestris related genotypes and the 
commercial cultivars was highly significant (ANOVA). Genotype was found to be a 
strong predictor of AA2βGlc concentration (P <0.001) and individual comparisons 
(Tukey test) showed Braeburn and Royal Gala were significantly different from the 
three M. sylvestris genotypes. 
 
Fig. 3.4. Concentration of AA2βGlc in apple fruits over the three collection dates. Values 
given as mean ± standard deviation, where n = 3.  






























While not as significant as genotype, the collection date was also found to be a good 
predictor of AA2βGlc concentration in fruits (P = 0.022). For the three M. sylvestris 
related genotypes a similar trend was observed between the three collection dates. The 
concentration of AA2βGlc increased between the start (spring) and middle (early 
summer) of fruit development (Oct 2017, Dec 2017), before decreasing prior to 
reaching full maturity (Feb 2018, late summer). However, while each genotype may 
behave similarly over time, the individual changes in concentration between collection 
dates are not as distinctive as they appear. Examination of the 95% confidence intervals 
shows that the Oct 2017 to Dec 2017 increase is not statistically significant. The same 
can be said for the apparent decrease in AA2βGlc concentration between Dec 2017 and 
Feb 2018 which was only significant for fruit of ABGS0969. 
It is interesting to note just how high the concentration of AA2βGlc was in crab apple 
fruits. At its peak, in the middle of fruit development (Dec 2017), AA2βGlc was detected 
at average values of 708, 640 and 919 mg/100 g FW for ABGS0009, ABGS0969 and M. 
sylvestris respectively (Fig. 3.4.). To put this in perspective the highest average 
concentration of free ascorbic acid was 30 mg/100 g FW in Braeburn (Fig. 3.5.). 
Ascorbic acid was found to be between 19-24 mg/100 g FW in the fruits of M. sylvestris 
related genotypes and low (14 mg/100 g FW) in Royal Gala (Fig. 3.5.). These values 
were consistent with those for eating apples present in the literature (Table 3.1.) (Bassi 






Fig. 3.5. Concentration of ascorbic acid in whole apple fruit, fruit peel and fruit cortex. All 
samples from the Feb 2018 collection. Peel and cortex are single samples while whole fruit 
values are given as mean ± standard deviation, n = 3.  
Given that ascorbic acid and AA2βGlc were found to be at such different concentrations 
in fruits of different genotypes, their relative distribution between peel and cortex 
(flesh) was surprisingly similar. Separate analyses of these tissue types in the Feb 2018 
collection revealed that both ascorbic acid and AA2βGlc were much more concentrated 
in the peel compared to the cortex of the same sample (Fig. 3.5., 3.6.). This distribution 
of ascorbic acid was in agreement with the literature (Bassi et al., 2017; Yahia, 2018; 


































Fig. 3.6. Concentration of AA2βGlc in fruit peel and fruit cortex for the Feb 2018 collection. 
All single samples. 
Leaves 
The primary role of ascorbic acid in plants is to prevent oxidative damage caused by 
hydrogen peroxide and reactive oxygen species generated as by-products during 
photosynthesis (Smirnoff, 2018). This means that photosynthetically active tissues, such 
as leaves, require ascorbic acid in high concentrations (Smirnoff, 2018). This was 
consistent with our results which showed that leaves contained ascorbic acid at 
concentrations far greater than any other plant part analysed (200-800 mg/100 g FW) 
(Fig. 3.8.). A consistent trend was observed between young and mature leaves. In all 
cases the mature leaves had significantly higher ascorbic acid concentrations than 
young leaves of the same genotype (P <0.001) (Fig. 3.7.). This result comes as no 
surprise given that mature leaves are actively producing photoassimilates for the rest of 



































Fig. 3.7. Concentration of ascorbic acid in young and mature apple leaves for the Feb-18 
collection. Values given as mean ± standard deviation, where n = 3. 
A much more interesting result was the discovery of AA2βGlc in the leaves of not only 
M. sylvestris, but in all five genotypes (Fig. 3.8., 3.9.). The concentration of AA2βGlc in 
leaves (5-45 mg/100 g FW) was far lower than that of ascorbic acid (200-750 mg/100 g 
FW), but varied very little between genotypes (Fig. 3.8., 3.9.). An analysis of variance and 
subsequent Tukey test confirmed this observation. No significant differences in 
AA2βGlc concentration were found between mature leaves of any of the five genotypes 
(P > 0.05). For young leaves, genotype was found to be a better predictor of AA2βGlc 
concentration (P = 0.016). However, the Tukey test showed that the only genotypes 
significantly different from one another were Braeburn and ABGS0969 (P = 0.013). No 
overall difference between young and mature leaves was observed (P > 0.05). These 
results show that AA2βGlc concentration in leaves is very similar across all five 





































Fig. 3.8. Concentration of AA2βGlc in mature leaves over the three collection dates. Values 
given as mean ± standard deviation, where n = 3. 
 
Fig. 3.9. Concentration of AA2βGlc in young leaves over the three collection dates. Values 
given as mean ± standard deviation, where n = 3. 
While all apple cultivars expressed similar concentrations of AA2βGlc, this was not 
constant across the three sampling dates (Fig. 3.8., 3.9.). Initially AA2βGlc in leaves was 
low, but had increased dramatically by the second collection. This change was a jump 



























































other words the concentration quadrupled in the space of two months (Fig. 3.8., 3.9.). 
This increase follows a similar pattern to that observed in fruits, but in this case the 
95% confidence intervals for the mature leaves show that this increase was statistically 
significant. The concentration then remained unchanged between Dec 2017 and Feb 
2018 (Fig. 3.8., 3.9.). For mature leaves ANOVA also showed that this increase was not 
dependent on genotype (P = 0.6). These results are interesting given that while fruit 
develop over this period, the leaves sampled were either mature or young at each 
collection date and therefore the period did not represent a shift from young leaf to 
mature leaf. 
Summary 
The analysis of different apple samples revealed that AA2βGlc was not unique to crab 
apples, but was present in the leaves of all apple cultivars analysed. This result 
exemplifies the need to analyse multiple plant tissues in order to understand the true 
distribution of any metabolite. It was found that AA2βGlc generally accumulated 
between spring and summer (October-December) and then remained unchanged, a 
trend that was more pronounced in leaves than in fruit. Young and mature leaves of all 
genotypes had very similar AA2βGlc concentrations, but fruit exhibited large differences 
between genotypes. The high concentration of AA2βGlc in crab apples, and comparative 
lack of AA2βGlc in domestic apple cultivars, is an interesting result and may provide 
clues to understanding the function of this metabolite. 
3.2.2. Quantification of AA2βGlc in other Rosaceae crops 
Sampling 
Having shown that AA2βGlc was present in leaves of all apple cultivars analysed, the 
distribution of this metabolite was clearly wider than initially indicated by analysis of 
fruits (Cho, 2016). In order to determine how widespread this glycoside is, another 
quantitative investigation was carried out. The aim of this study was to screen a large 
number of crops for their AA2βGlc concentrations. Samples were selected from the 
Plant & Food Research orchard in Clyde and harvested in Dec-18. This date was chosen 
based on the concentration of AA2βGlc in apples which peaked during the middle of 
fruit development (Section 3.2.1). The crops collected were primarily members of the 




plum, apricot, raspberry, cherry and sweet briar (Fig. 3.3). Non-Rosaceae crops were 
also included, these were blueberries and kiwiberry (A small fruit variety of kiwifruit). 
For each crop, three trees were selected and three fruit and three leaves were collected 
from each. For some crops multiple cultivars were sampled. The specific cultivars 
cannot be named in this thesis because of commercial obligations, and are therefore 
referred to by the crop name and an arbitrary number, e.g. apricot 1, apricot 2. Sample 
transportation and preliminary processing was conducted using the same methods 
developed in the study of apples in the previous section (3.2.1). 
Analysis method validation 
In the previous quantitative investigation two different extraction and analysis methods 
were used, one for ascorbate and one for AA2βGlc. While this allowed for accurate 
results to be obtained on both metabolites it also required twice the amount of sample 
processing. For the screening of other Rosaceae crops a single extraction and analysis 
method was used to reduce the already extensive sample processing time. The chosen 
method was an adaptation of the AA2βGlc method, with changes focused on aiding the 
retention and detection of ascorbate in extracts. These modifications included a shorter 
extraction period (2 h vs. overnight), a smaller extraction volume (500 μL vs. 1500 μL), 
an aqueous buffer (vs. 33% EtOH) and the addition of EDTA and TCEP.  
In order to test whether the new method would be suitable for the detection of both 
ascorbate and AA2βGlc, a comparison experiment was carried out. Three leaf and three 
fruit samples of previously harvested M. sylvestris were extracted with each method and 
analysed by HILIC LC-MS (Instrument C, method I). Using the original method ascorbate 
was not observed, but samples extracted with the new method displayed a prominent 
ascorbate peak. AA2βGlc was clearly visible regardless of the extraction method, so the 
Rosaceae samples were processed using the new method. Due to the limited instrument 
and software availability, a thorough quantitative comparison of the two extraction 
methods could only be carried out retrospectively. While ascorbate detection was 
improved greatly by the new method it came at the cost of sensitivity for AA2βGlc. M. 
sylvestris material extracted with the new method was found to contain approx. 17% of 
the AA2βGlc detected when utilising the original extraction procedure. This was most 




in the extraction solvent could also conceivably play a role. Given this large difference 
associated with the change in extraction method, it was not valid to compare the 
concentrations reported in this section to those reported in 3.2.1. This difference 
compounds with the difference already described regarding the use of AA2αGlc as a 
standard in Section 3.2.1. With these discrepancies in mind, discussion around the 
Rosaceae samples is focused on relative concentrations and is largely qualitative.  
Fruit 
The concentrations of ascorbate in popular foods such as those sampled in this study is 
well established due to the nutritional importance of this metabolite (Table 3.1.). The 
results obtained on the fruit samples in this work were in good agreement with the 
established values for these fruits (Table 3.1.). Blueberries and cherries had the lowest 
ascorbate concentration (3-12 mg/100 g FW), stone fruit slightly higher (8-13 mg/100 
g FW), and kiwiberry by far the highest crop (66-138 mg/100 g FW)(Fig. 3.10.). The 
wild sample of sweet briar fruits (rose hips) also lived up to its reputation of being a 
rich source of ascorbate recording a concentration even greater than the kiwiberry (185 
mg/100 g FW)(Fig. 3.10.) (Tuba et al., 1943). The results of this analysis demonstrated 
that the measured ascorbate contents of these crops were a good representation of 






Fig. 3.10. Concentration of ascorbate in the fruit of a selection of crops sampled at Plant & 
Food Research orchard, Clyde, December 2018. Numbers represent different cultivars of 
the same crop, each value is a mean ± standard deviation where n = 3-5. 
The quantification of AA2βGlc in this same set of fruit samples was analogous to the 
previously described analysis of apple cultivars (Section 3.2.1). Crab apples at this 
collection site were again found to contain a high concentration of AA2βGlc (79 mg/100 
g FW) while the commercial cultivars of all other crops contained only trace quantities 
(<0.5 mg/100 g FW)(Fig. 3.11.). The one exception was a single apricot cultivar, apricot 
3 (2 mg/100 g FW), which was inflated by one very high replicate (20 mg/g FW). This is 
possibly contamination given the absence of AA2βGlc in other apricot cultivars, but 
would require repeat sampling to be sure (Fig. 3.11.). The detection of AA2βGlc in a crab 
apple tree not related to M. sylvestris, but thought to be manchurian crab apple (M. 
baccata), suggests that this metabolite may be widespread in wild Malus species. As 
observed in M. sylvestris crab apples, the concentration of AA2βGlc in the crab apple 
from Clyde was significantly higher than ascorbate in the same plant (79 vs. 13 mg/100 





































































































































































Fig. 3.11. Concentration of AA2βGlc in the fruit of a selection of crops sampled at Plant & 
Food Research orchard, Clyde, December 2018. Numbers represent different cultivars of 
the same crop, each value is a mean ± standard deviation where n = 3-5. Bottom graph has 
crab apple result omitted for clarity of other results. 
Statistical analyses were used to look for trends between the concentration of ascorbate 
and AA2βGlc in fruits. Calculation of the correlation coefficient (r) for the entire sample 
set, indicated a negative correlation between ascorbate and AA2βGlc (r = -0.68). This 
correlation was found to be insignificant (p = 0.50), suggesting no relationship between 































































































































































































individual cultivar and only two were found to have significant correlations. These were 
kiwiberry 1 (p = 0.03) and apricot 3 (p = 0.03), both of which exhibited strong positive 
correlations between AA2βGlc and ascorbate (r = 1.00 for both). 
Leaves 
Because they are not eaten, the ascorbate contents of leaves are not as well established 
as those of the fruits. Concentrations of ascorbate in photosynthetically active tissues 
are typically high, as discussed for apples leaves (Section 3.2.1.), and the results of this 
study were consistent with that fact (Fig. 3.12.) (Smirnoff, 2018; Yahia, 2018). Leaf 
ascorbate was higher than fruit ascorbate of the same plant in all cases except sweet 
briar and kiwiberry (Fig. 3.10. & 3.12.). Despite this trend there was some variation 
between different crops. For example peach and plum leaves contained almost 4 times 
the ascorbate content of apricot leaves, even though the three stone fruit are closely 
related (Fig. 3.12.). Cultivars belonging to the same crop displayed very similar values, 
except for kiwiberry. Leaves of kiwiberry cultivar 2 were much higher in ascorbate than 
cultivars 1 and 3, this difference was found to be significant (p <0.001) and indicates a 
difference in the biosynthesis and utilisation of ascorbate in this cultivar (Fig. 3.12). 
Overall the quantification of ascorbate in leaf tissue was as expected and provided a 





Fig. 3.12. Concentration of ascorbate in the leaves of a selection of crops sampled at Plant 
& Food Research orchard, Clyde, December 2018. Numbers represent different cultivars of 
the same crop, each value is a mean ± standard deviation where n = 3-5. 
Analysis results for AA2βGlc concentrations in leaves of the crab apple and domestic 
apple were consistent with the previous investigation in apples (Section 3.2.1). Both 
apple leaf samples were found to contain AA2βGlc at similar concentrations (Fig. 3.13). 
These were lower than previous analyses as a result of the differences in extraction and 
analysis methods that have already been discussed. The most important result of this 
investigation came from the quantification of AA2βGlc in leaves of the other Rosaceae 
crops. It was found that all cultivars of all crops contained AA2βGlc in their leaves (Fig. 
3.13.). The concentration was slightly less than for apples, but largely consistent across 
other Rosaceae samples. The two non-Rosaceae crops included in the analysis, 
blueberry (Ericaceae) and kiwiberry (Actinidiaceae), were found to have the lowest 
concentration of AA2βGlc (Fig. 3.13.). These results reveal how widespread this 
metabolite is in fruit crops, specifically those in the Rosaceae family, and suggests it may 






































































































































































Fig. 3.13. Concentration of AA2βGlc in the leaves of a selection of crops sampled at Plant & 
Food Research orchard, Clyde, December 2018. Numbers represent different cultivars of 
the same crop, each value is a mean ± standard deviation where n = 3-5. 
The relationship between ascorbate and AA2βGlc concentration in leaf samples was also 
examined. Inclusion of all samples in correlation analysis suggested a moderate positive 
correlation between these metabolites (r = 0.41) which was subsequently found be 
significant (p = 0.0004). This result indicates that higher concentrations of ascorbate 
are linked to higher AA2βGlc concentrations in leaves. Correlation analysis of individual 
cultivars did not return any significant results, which was thought to be a limitation of 
the replication (n = 3-5). In addition to the comparison of metabolites the same 
statistical tests were applied to determine the relationship between leaves and fruits. 
While no significant correlation between ascorbate in leaves and fruit was found, the 
positive correlation (r = 0.71) between AA2βGlc in leaves and fruits was significant (p 
<0.00001). This result indicates that while fruit AA2βGlc concentrations are low they 
are strongly related to the AA2βGlc content of leaves. The fact that no trend between 
fruit and leaf was observed for ascorbate may have been influenced by the fact that this 
















































































































































































3.2.3. Distribution and proposed role of AA2βGlc 
The original investigation by Jung Cho tentatively identified the now characterised 
AA2βGlc in the fruit of crab apples (Cho, 2016). Had the subsequent studies remained 
focused solely on fruit tissue, as many studies do, then this metabolite would not have 
been identified in leaves of other crops, and crab apples would be considered an outlier. 
However, the inclusion and individual analysis of different plant parts uncovered a very 
different story. The quantitative investigations described in the preceding sections have 
shown that AA2βGlc is not only present in the fruit of crab apples, but has a much wider 
distribution. Given that only two previous occurrences of ascorbyl glycosides have been 
reported these results significantly enhance the current knowledge of ascorbyl 
glycosides in plants (Toyoda-Ono et al., 2004; Hancock et al., 2008).  
The previously identified ascorbyl glycosides exhibited very different distributions to 
these results. In goji berries AA2βGlc was found to be high in fruit, but absent from leaf 
and root samples from plants of the same genus (Toyoda-Ono et al., 2004). For zucchini, 
AA6βGlc was identified in stems and phloem exudates, but not fruits or leaves (Hancock 
et al., 2008). Toyoda et al. studied a range of crops alongside goji berries in the hopes of 
detecting AA2βGlc in other plants (Toyoda-Ono et al., 2004). This investigation was 
unsuccessful and these results from the analysis of Rosaceae crops may explain why. 
Firstly Toyoda et al. did not include plant parts other than fruits in their study, therefore 
missing any AA2βGlc present in the tissues it has subsequently been found in, namely 
leaves (Rosaceae) and phloem (zucchini) (Toyoda-Ono et al., 2004; Hancock et al., 
2008). The second reason Toyoda et al. failed to uncover ascorbyl glycosides in other 
plants may be related to the crops they chose to investigate. Lemon (80 mg/100 g FW), 
camu-camu (3000 mg/100 g FW), sea buckthorn (400 mg/100g FW) and grapefruit (61 
mg/100 g FW) are all well known for their high concentrations of ascorbate, but did not 
contain ascorbyl glycosides (Romero Rodriguez et al., 1992; Justi et al., 2000; Maria et 
al., 2009). Conversely, the Rosaceae crops in which AA2βGlc has now been found are 
generally low in ascorbate (Table 3.1.)(5-30 mg/100 g FW). These results may point to 
an inverse relationship between ascorbate and its glycoside in plants.  
The results presented in this chapter build on those of Jung Cho and Toyoda et al. to 




widespread in leaves of fruit crops. An obvious avenue for further research would be to 
screen edible leaves, such as lettuce, cabbage, spinach, for AA2βGlc. This widespread 
distribution may also suggest that this metabolite plays a fundamental physiological 
role. The analysis of apple cultivars over a season showed that AA2βGlc was initially at 
low concentrations, but increased as fruit developed. This trend is the opposite of the 
typical ascorbate distribution which is generally highest in early spring and then 
declines as fruit mature. The presence of ascorbate in developing tissues is associated 
with its roles in growth and expansion and therefore AA2βGlc may have a different 
function. One feature of the distribution that was shared by ascorbate and AA2βGlc was 
their localisation in the peel of fruits, as opposed to the cortex. This may hint at a similar 
function in protecting the plant from photo damage via antioxidant and free radical 
scavenging activity. However, this type of distribution is shared by many 
phytochemicals as the flesh is largely comprised of stored simple carbohydrates with 
little chemical diversity. 
While crab apples had by far the highest concentration of AA2βGlc, they do not exhibit 
the typical distribution of AA2βGlc that is observed in all other varieties. For these 
commercial crops it appears that a small amount of AA2βGlc is biosynthesised in leaves, 
alongside large quantities of ascorbate, and that none accumulates in fruit. This 
difference may be a result of selective breeding in the commercial cultivars that has 
unknowingly selected against AA2βGlc over time. One possible explanation for the wide 
spread occurrence of AA2βGlc in leaves is that this metabolite is involved in the 
translocation of ascorbate. Glycosylation, or the addition of sugars, to both primary and 
secondary metabolites has been demonstrated to facilitate source to sink transport in 
plants (Section 1.2.3.) (Haritatos et al., 1996; Watkins et al., 2018). It could be 
hypothesised that ascorbate is glycosylated in leaves, thus explaining its presence in 
this tissue, in order to allow movement into the phloem veins. Once in the phloem the 
glycoside could transported to required sink tissues and hydrolysed. This theory is also 
consistent with the properties of AA2βGlc which is now known to be more stable than 
free ascorbate (Chapter 2). The enhanced stability may prevent degradation during 
translocation from source to sink tissues such as leaf to fruit. A similar hypothesis has 
been suggested regarding AA6βGlc in zucchini as it was identified solely in phloem 





AA2βGlc is a derivative of one of the most well studied plant metabolites and this work 
has shown that it is present in a wide range of crops that are produced on enormous 
scales for worldwide consumption (FAO, 2018; Yahia, 2018). In spite of this AA2βGlc 
has gone unnoticed until now, a clear example of how easily a potentially important 
metabolite may be overlooked. This result highlights not only the importance of 
analysing different plant parts, but also the value of non-targeted metabolomics studies. 
Investigations such as these allow for the discovery of previously overlooked 
metabolites and raise questions that would not otherwise have been asked. 
The results presented in this chapter greatly enhance the current knowledge of ascorbyl 
glycosides in plants. Prior to the identification of AA2βGlc in crab apples only two 
ascorbyl glycosides had been reported and there was very limited information 
regarding their distribution (Toyoda-Ono et al., 2004; Hancock et al., 2008). It is now 
known that AA2βGlc is not only produced in crab apples and domestic cultivars, but is 
also present in leaves of 26 unique cultivars of 12 different fruit crops. The prevalence 
of this ascorbate derivative suggests that it may fulfil an important physiological role in 
these plants. Given the distribution in the plant tissues sampled, and the properties of 
this derivative, it was suggested that AA2βGlc may be involved in the transport of 
ascorbate from source to sink tissues. Further work aimed at testing this possibility 
should take the same quantitative approach a step further and analyse specific tissues 





3.4. Experimental  
3.4.1. General 
Materials (See Chapter 2, Section 2.4.1) 
Chromatography and mass spectrometry 
Instrument C, method I. Chapter 2, Section 2.4.1. 
D) The UHPLC-UV system consisted of a Dionex Ultimate 3000 Rapid separation 
LC system (Thermo Scientific) equipped with PDA detection. Instrument control 
and data analysis were performed using Chromeleon Chromatography Data 
System software. 
III. A C18 (Phenomenex Altima, rocket column, 3 µm) column was 
maintained at 35 °C and eluted with a mobile phase of A: H2O + 0.25% 
MeOH + 0.1 mM EDTA + 0.04% H3PO4 and B: MeCN. A flow rate of 1 
mL/min was used and the gradient was as follows: 0-4.5min 0-30% B, 
4.5-6min 30-90% B, the column was then washed with 100% B and 
returned to 100% A. 
3.4.2 Quantitative analysis of apples 
Collection 
Plant material was collected at the Plant & Food Research orchard in Havelock North 
from five apple trees, each representing a different genotype. These were ABGS0009, 
ABGS0969, M. sylvestris, Braeburn and Royal Gala. Three separate collections were 
carried out, these were conducted on 26/10/17, 04/12/17, and 26/02/18. On each of 
the five selected trees, three branches were labelled so that samples could be taken 
from the same branches at each collection date. The plant parts collected at each date 
were three mature leaves, three young leaves and three fruits from each branch. Young 
leaves were defined as <30 mm in length and mature leaves as >50 mm in length. Only 
fruit and leaves that appeared healthy were collected. All samples were transported to 
the chemistry lab at the Plant & Food Research site in Palmerston North on ice and 
processed the following day. In Oct-17 an additional set of leaf and fruit samples were 





All samples were frozen with liquid nitrogen and ground to a powder using a pestle and 
mortar. Each powdered sample (100 mg) was stored at -80 °C until extraction. For all 
three collections the same extraction procedure for analysis of AA2βGlc was used. For 
the Feb-18 collection two sets of samples were weighed out, and the second set was 
extracted using a procedure for analysis of ascorbic acid. In addition to whole fruit 
samples, the Feb-18 collection was processed to give separate analysis of fruit flesh and 
skin. 
For the analysis of AA2βGlc the following extraction method was used. To an Eppendorf 
tube containing frozen plant material (100 mg) was added 33% EtOH in H2O containing 
5% (w/v) mHPO3 (1.5 mL). The Eppendorf tube was vortexed for 30 s and left to extract 
at 1 °C overnight. The sample was then centrifuged (10,000 rpm, 10 min, 12 °C) and the 
supernatant diluted with MeCN for analysis by LC-MS (instrument C, method I). 
For the analysis of ascorbic acid the following extraction method was used. To an 
Eppendorf containing plant material (100 mg) was added H2O with 5% (w/v) mHPO3 
containing 2mM EDTA and 2mM TCEP. The Eppendorf was the vortexed for 30 s and 
left to extract at room temp. for 1 hr. The sample was then centrifuged and the 
supernatant analysed by UHPLC without dilution (instrument D, method III). 
Standards & quantification 
For the quantification of AA2βGlc four standard solutions containing 1-50 µg/mL 
AA2αGlc were used to generate a standard curve. All standards were made up with 
90:10 MeCN:H2O. For the quantification of ascorbic acid by UHPLC for the Feb-18 
collection a solution of ascorbic acid (200 µg/mL) in extraction buffer (5% mHPO3, 2 
mM EDTA, 2mM TCEP) was injected at different volumes (5, 10, 15, 20 µL) to generate a 
standard curve. 
For quantification of AA2βGlc LC-MS peaks were integrated using the TASQ software 
package and these values used to calculate concentrations based on the standard curve 
of AA2αGlc. For UHPLC analyses the Chromeleon software was used to integrate the UV 





3.4.3 Quantitative analysis of Rosaceae crops 
Collection 
Plant material was collected at the Plant & Food Research Orchard in Clyde on 
12/12/2018. In total 25 trees, from 12 different crops, covering 21 unique cultivars 
were sampled. From each tree three fruit and three mature leaves were collected and 
transported to Otago University, Dunedin, on ice. Fruit were at roughly the middle of 
development and were well formed, but not ripe.  
Sample preparation 
All samples were processed the day after collection, in the Chemistry lab at the 
University of Otago. Plant material was frozen under liquid nitrogen, ground to a 
powder, weighed into Eppendorf tubes (100 mg) and stored at -80 °C until extraction 
and analysis. 
Extraction method 
To quantify ascorbate and AA2βGlc simultaneously a new extraction method was 
developed. To an Eppendorf tube containing frozen plant material (100 mg) was added 
H2O (500 µL) containing mHPO3 (5% w/v), EDTA (2 mM) and TCEP (2 mM). The 
Eppendorf was vortexed for 30 s and left to extract at room temp. for 2 h. The sample 
was then centrifuged (10,000 rpm, 10 min, 12 °C) and the supernatant diluted with 
MeCN for analysis. 
Method comparison 
To compare and validate this method, several samples were extracted with both the 
previous procedure (Section 3.4.2.) and the new method described in the preceding 
paragraph. These samples included three leaf and three fruit samples of M. sylvestris 
which were collected from Havelock North as part of the previous study (26/10/17). 








Samples collected from Clyde were extracted following the new procedure and analysed 
by HILIC LC-MS (Instrument C, method I). Preparation of standards, integration of peaks 
and quantification of ascorbate and AA2βGlc was carried out as described in section 
3.4.2. The one difference in this experiment was that synthetic AA2βGlc (Chapter 5) was 
used as a quantitation standard in place of the commercial AA2αGlc that had been used 




Chapter 4: Transport 
4.1. Introduction  
4.1.1. The study of secondary metabolite transport in plants 
In Chapter 1 the transport of secondary metabolites in plants was introduced and the 
lack of knowledge in this area highlighted (Section 1.2.). Particularly interesting are the 
mechanisms by which specific phytochemicals are translocated from source to sink 
tissues via the phloem. Transport of secondary metabolites has often been inferred from 
their accumulation in tissues distal to their site of biosynthesis, or simply their presence 
in phloem exudates (Lough et al., 2006; Schepper et al., 2013; Shitan, 2016). Only a 
handful of studies have investigated the transport process directly, an example being is 
the source-sink translocation of glucosinolates in Arabidopsis (Fig. 4.1.)(Brudenell et al., 
1999; Chen et al., 2001).  
 
Fig. 4.1. Structure of p-hydroxybenzyl-glucosinolate (p-OHBG) utilised to test the 
transport of glucosinolates in Arabidopsis (right). Arabidopsis plant which has had 
radiolabelled p-OHBG applied to the leaves indicated by arrows (left). The autoradiograph 
(A) taken 24 h after application of p-OHBG shows that p-OHBG has been transported to 
young leaves and shoots, but not other mature leaves. The adjacent image (left) is a 




Glucosinolates are a large group of plant secondary metabolites commonly found in 
commercially valuable Brassica crops (Verkerk et al., 2009; Sotelo et al., 2015). These 
compounds play an important role in plant defense as well as human health (see 
Chapter 3) (Verkerk et al., 2009; Sotelo et al., 2015). For these reasons glucosinolates 
have been extensively studied, including their phloem translocation in planta 
(Brudenell et al., 1999; Andersen et al., 2013; Madsen et al., 2014). In order to 
understand the glucosinolates movement in the model plant Arabidopsis, radiolabelled 
p-hydroxybenzyl-glucosinolate (p-OHBG) as well as radiolabelled sucrose was used 
(Fig. 4.1.)(Chen et al., 2001). When both labelled tracers were applied to mature leaves 
they could be detected in the phloem exudates, thus confirming that glucosinolates 
were loaded into phloem (Chen et al., 2001). Analysis of different tissues showed that 
the distribution of p-OHBG followed a typical source-sink pattern, similar to that of 
sucrose, with significant accumulation in the seeds (Fig. 4.1.)(Chen et al., 2001). To 
further demonstrate the phloem translocation of intact glucosinolates, it was shown 
that endogenously synthesised glucosinolates were also transported in phloem, as well 
as exogenously applied tracers. This was achieved via feeding a transgenic plant 
radiolabelled tyrosine which could subsequently be used to form labelled p-OHBG in 
situ, a process that is upregulated in the transgenic plant (Chen et al., 2001). In this 
experiment the same tissue distribution of intact labelled glucosinolates was observed 
giving no reason to doubt that intact glucosinolates are translocated from source to sink 
tissues in Arabidopsis (Chen et al., 2001). 
While this study of glucosinolates in Arabidopsis confirmed that these metabolites are 
transported via phloem, it also highlighted the difficulty in providing conclusive 
evidence for this process. Fluorescent markers, radio-labelling or isotope incorporation 
are often required to definitively track the movement of secondary metabolites in 
vascular tissue (Chen et al., 2001; Buer et al., 2007; Thorpe et al., 2007). These 
techniques not only introduce significant complexity, but also require knowledge and 
experience from a variety of disciplines to be utilised successfully. This may, in part, 
explain the lack of studies examining the transport of secondary metabolites in plants 
relative to other areas of phytochemical research (Chen et al., 2001; Buer et al., 2007; 
Thorpe et al., 2007). However, other investigations have provided compelling evidence 




methodology. The proposed transport of the neurotoxin tutin in Coriaria species was 
based solely on quantitative analyses of different plant tissues, specifically phloem 
(Watkins et al., 2018). This analytical approach has also been used to demonstrate how 
sucrose is transported in Cucurbits (Haritatos et al., 1996). These studies both reported 
a characteristic distribution of mono- and di-glycosides of the metabolite in question 
that led to the conclusion that a polymer trapping or symplastic transport mechanism 
was occurring (Fig. 4.2.) (See Chapter 1, Section 1.2.3.).  
 
Fig. 4.2. Glycosides involved in the transport of sucrose and tutin in Cucurbita and 
Coriaria respectively (Haritatos et al., 1996; Watkins et al., 2018). 
The collection and analysis of phloem may be a more accessible technique than 
fluorescent or radiolabelled metabolites, but it still poses a variety of challenges that are 
not faced when sampling other plant tissues such as fruits and leaves (Turgeon et al., 
2009; Schepper et al., 2013). When a stem, petiole or twig is cut, the plant reacts by 
closing off the cut surface to prevent loss of resources. This is analogous to the way in 
which blood clots to seal wounds and prevent mammals from bleeding out. In addition 




of the phloem itself (Turgeon et al., 2009; Schepper et al., 2013). It is well documented 
that disruption of vascular tissues can cause rapid adjustment to both resource 
allocation and phloem composition (Ferrieri et al., 2013; Schultz et al., 2013; Robert et 
al., 2014; Lundborg et al., 2016). Lastly, cutting the stems to sample phloem may disrupt 
surrounding tissues causing leakage of non-phloem components into any sample that is 
subsequently collected (Turgeon et al., 2009; Schepper et al., 2013).  
 
Fig. 4.3. Insects such as aphids insert their specialised mouthparts (stylets) into plant 
stems to reach the nutrient rich phloem. These stylets can be removed and phloem 
collected for analysis, thus bypassing the need to cut the plant tissue (Pexels, 
www.pexels.com, Accessed 3/07/2019; Evert et al., 2013). 
Despite these significant challenges, several methods of phloem collection have been 
developed and successfully applied to a variety of plants, but each method has its own 
limitations. The least invasive method, and perhaps the most accurate, is insect 
stylectomy (Dinant et al., 2010). Many insects, such as aphids, can feed on phloem 
contents via insertion of their mouth parts or ‘stylets’ (Fig. 4.2.). By placing an 
appropriate insect on the plant of interest it is possible to remove the insect mid-feed 
and harvest the stylets to analyse the phloem they contain (Dinant et al., 2010). This 
procedure not only requires a high level of skill and precision, but also an insect that is 
known to feed on phloem of the plant of interest. Additional limitations include the low 
volume of phloem collected, which is typically nanolitres, and the possibility of chemical 
modifications due to insect metabolism (Dinant et al., 2010). A much simpler and 




exudation (King and Zeevaart, 1974). The enzymatic processes that enable plants to seal 
cut surfaces are dependent on the availability of Ca2+ ions as a cofactor. By placing 
freshly cut stems or petioles in a solution of EDTA, the Ca2+ ions are chelated and 
phloem will continue to flow into solution (King et al., 1974). While technically this 
method is very simple, the chance of contamination by non-phloem components is high 
due to leaching from surrounding tissues (Turgeon et al., 2009; Dinant et al., 2010; 
Schepper et al., 2013). Additionally, the volume of phloem exuded into solution cannot 
be measured and therefore the concentration of any specific metabolite cannot be 
calculated. The only way to compare phloem samples collected in this manner is by 
examining the relative concentrations of specific metabolites in each sample.  
4.1.2. Ascorbate transport in crops 
The factors that control the accumulation of ascorbic acid in edible plant tissues are of 
great interest as they hold the key to selective breeding of crops with elevated vitamin C 
levels (Tedone et al., 2004; Laing et al., 2007; Li et al., 2010; Mazid et al., 2011). If 
ascorbate undergoes source-sink translocation in plants, it may have a significant effect 
on the ascorbate content of fruit tissue, therefore it is an important process to 
investigate. Much of the difficulty in understanding this process arises from the fact that 
virtually all cell types contain the enzymes required to produce ascorbic acid (Hancock 
et al., 2003; Smirnoff, 2018). Even simple tissues such as phloem are capable of ascorbic 
acid biosynthesis, given the right precursors (Hancock et al., 2003). However, while all 
tissues are capable, some have distinct advantages and a greater biosynthetic capacity. 
For example, leaves not only have a high requirement for ascorbic acid, but also have 
access to a large supply of carbon assimilates from photosynthesis, therefore 
biosynthesis in leaves is correspondingly high (Noctor et al., 1998; Smirnoff et al., 2001; 
Smirnoff, 2018). This leads to the question of whether fruits and other sink tissues 
produce their own ascorbic acid, or whether long distance translocation from mature 
leaves via the vascular tissue occurs (Franceschi and Tarlyn, 2002; Hancock et al., 2003; 
Tedone et al., 2004; Hancock et al., 2007; Li et al., 2010). Which tissues are actively 
biosynthesising at each stage of development, and the extent to which each tissue 
contributes, is difficult to estimate, let alone accurately measure. Several studies have 




relevant to the research presented in this thesis and are summarised in the following 
paragraphs. 
Phloem uptake and long distance translocation of ascorbic acid was not investigated 
until the beginning of the 21st century. Experiments by Francheschi and Tarlyn utilised 
the application of radiolabelled ascorbate at source tissues to study ascorbate transport 
(Franceschi et al., 2002). Three plant species were included in this investigation: 
Arabidopsis thaliana, Medicago sativa (alfalfa), and Impatiens walleriana (busy lizzie). 
Autoradiographs taken after application of [14C]-ascorbic acid to mature leaves showed 
uptake of the radiolabel in major and minor veins. After 12 and 24 hours whole plant 
autoradiographs showed translocation of labelled ascorbic acid with a distinct 
preference for sink tissues, including shoots and root tips. Lastly, the authors 
demonstrated that endogenously synthesised ascorbic acid was also translocated, via 
the application of labelled biosynthetic precursors. In these studies both [1-14C]- and [6-
14C]-ascorbic acid gave the same distributions, providing evidence that the ascorbate 
was translocated without degradation. This pioneering study presented strong evidence 
to suggest that ascorbic acid is translocated from source to sink tissues via the phloem 
in plants (Franceschi et al., 2002). 
 
Fig. 4.4. Images showing the localisation of ascorbic acid to vascular tissue in A. stems and 
B. developing tubers of potatoes. Right portion is stained with ethanolic AgNO3 and dark 
areas represent ascorbic acid rich tissue. Left portion of each image is stained with 
carboxyfluorescein diacetate (CFDA) and examined with confocal microscopy, the yellow 




Hancock et al. have built on these initial results and published on ascorbic acid 
transport and accumulation in a variety of crops (Tedone et al., 2004; Hancock et al., 
2007; Hancock et al., 2008). Their work on potatoes (Solanum tuberosum) is of 
particular interest as it aligned well with the evidence presented by Francheschi and 
Tarlyn (Franceschi et al., 2002; Tedone et al., 2004). EDTA assisted exudation of phloem 
from potato leaves was used to show that source tissues export ascorbic acid. Staining 
of stems and developing tubers using AgNO3 and carboxyfluorescein diacetate (CFDA) 
showed distinct localisation of ascorbate to the vascular tissue (Fig. 4.4.). These 
observations were backed up by quantitative HPLC analyses which showed that an 
increase of ascorbic acid in leaves led to an increase in tubers. The authors went on to 
postulate that the staining patterns were similar to those of photoassimilates 
undergoing symplastic transport, and that a similar mechanism may exist for ascorbic 
acid in plants (Tedone et al., 2004).  
However, later work by the same research group came to a different conclusion when 
examining the accumulation of ascorbic acid in blackcurrants (Ribes nigrum) (Hancock 
et al., 2007). These fruit were found to achieve high levels of ascorbic acid during the 
period of rapid growth and expansion. The source of this ascorbic acid was thought to 
be in situ biosynthesis, as opposed to translocation from leaves. The evidence to support 
this conclusion was that feeding precursors to leaves enhanced source concentrations, 
but had little effect on the ascorbate level in fruits. The authors were also able to 
demonstrate that biosynthesis of ascorbate in leaves declined during fruit development, 
rather than increasing to meet transport demands (Hancock et al., 2007).  
Another publication, this time from outside the Hancock group, reached a similar 
conclusion regarding the accumulation of ascorbic acid in kiwifruit (Li et al., 2010). In 
this case expression of biosynthetic genes was used to demonstrate that in situ 
biosynthesis was the primary reason for accumulation (Li et al., 2010). Given the 
evidence presented in these studies it is fair to say that we are far from having a 
complete understanding of ascorbic acid accumulation and transport. It also seems that 
different plants may utilise different strategies to obtain appropriate concentrations of 
ascorbic acid in sink tissues (Franceschi et al., 2002; Hancock et al., 2003; Tedone et al., 




4.1.3. Hypothesis on ascorbate transport in apples 
The research described thus far has been focused on whether ascorbic acid is 
translocated, and to what degree this occurs in various plants (Franceschi et al., 2002; 
Tedone et al., 2004; Hancock et al., 2007; Li et al., 2010). A question that has not been 
addressed is: How does the process of ascorbate translocation occur? All plants 
transport their primary carbon resources from source to sink, e.g. from mature 
photosynthesising leaves to fruit, but there are many ways to achieve this (Lough et al., 
2006; Turgeon et al., 2009). For example, members of the Rosaceae family, including 
apples, typically transport these resources in the form of sugar alcohols, such as sorbitol 
or mannitol (Fig. 4.5.)(Bieleski, 1969; Reidel et al., 2009). In these systems the alcohol is 
produced in leaves, translocated to fruit and then used to build a variety of other 
carbohydrates (Bieleski, 1969; Reidel et al., 2009). Interestingly sorbitol is one of the 
only metabolites known to be present in apple phloem, a tissue type that is rarely 
analysed for specific metabolites. Another possible mechanism for translocation of 
resources is symplastic transport, otherwise known as the polymer trapping 
mechanism (Chapter 1, Section 1.2.3), in which successive glycosylations occur at the 
source, and subsequent hydrolysis at sink tissues facilitates a transport gradient (Lough 
et al., 2006).  
 
Fig. 4.5. Structure of sorbitol, the primary form of translocated carbohydrate in apples 
and one of the only metabolites known to be present in apple phloem.  
In addition to the previously discussed examples of tutin and sucrose, ascorbate has 
also been proposed to be transported via glycosylation. The isolation and 
characterisation of AA6βGlc in phloem exudates of zucchini (C. pepo) led the authors to 
suggest this metabolite may be utilised in ascorbate transport (Fig. 4.5.) (Hancock et al., 
2008). This proposal was strengthened by the fact that zucchini belong to the Cucurbits 
family, which are known to transport sucrose via the polymer trapping mechanism. 
Additionally the authors suggested that other ascorbyl glycosides were present in 






Fig. 4.5. Proposed transport mechanism for ascorbate in zucchini (C. pepo)(Hancock et 
al., 2008). Ascorbate synthesised in leaves, glycosylated to give AA6βGlc which has been 
isolated from phloem exudates, transport to the edible tissue where hydrolysis back to 
ascorbate allows for phloem unloading (Pexels, www.pexels.com, Accessed 3/07/2019).  
The initial detection of an ascorbyl glycoside in M. sylvestris sparked the theory that this 
metabolite may be the key to understanding the transport of ascorbic acid in apples. 
Having isolated the molecule in question, proven its structure and determined its 
distribution throughout five apple genotypes, as well as many other related fruit crops, 
it is now possible to propose a transport mechanism which may explain the results 
presented in the preceding Chapters (Fig. 4.6.). I propose that the transport of ascorbate 
in apples occurs in the following manner. Firstly, ascorbic acid is biosynthesised in 
mature leaves, due to high requirement and consequently high concentration in this 
tissue (Smirnoff, 2018). A portion of the ascorbate in leaves would then be glycosylated 
to produce AA2βGlc. The addition of the glucose unit would facilitate phloem loading 
and subsequent transport to sink tissues such as fruits. Once AA2βGlc reaches the fruit, 
it would be hydrolysed to release ascorbate into the fruit, where it could perform its 






Fig. 4.6. Proposed transport mechanism for ascorbate in domestic apple cultivars and 
other Rosaceae fruit crops. Ascorbate is biosynthesised in leaves and converted to AA2βGlc 
by a glycosyltransferase which allows for loading into phloem. The stable AA2βGlc is 
transported to fruit via phloem where it is hydrolysed by a glucosidase enzyme to facilitate 
unloading of ascorbate into fruit tissue (Pexels, www.pexels.com, Accessed 3/07/2019). 
There are several key pieces of data that support the hypothesised transport 
mechanism for ascorbate. Firstly, ascorbate is well known to be a fragile metabolite and 
substitution at the 2 position has been shown to enhance stability (See Chapter 2, 
Section 2.1.2 & 2.2.4). Experiments conducted in Section 2.2.4 demonstrated that 
AA2βGlc is significantly more robust than ascorbate. Formation of the glycoside could 
well be the plant’s way of protecting ascorbate during the translocation from source to 
sink tissues. This process would involve traversing multiple cell and tissue types that 
may expose ascorbate to unfavourable conditions that are more tolerable for AA2βGlc. 
The distribution of AA2βGlc in the plant tissues examined is also consistent with the 
proposed transport mechanism for ascorbate. In all crops sampled, AA2βGlc was 
detected in leaves, but at lower concentrations than ascorbate. This is consistent with 
the distribution of tutin and its mono-glucoside which were both present in leaves of 
Coriaria, but the latter at much lower concentrations (Watkins et al., 2018). Such a 




leaves, but is biosynthesised prior to export into phloem. While the proposed enzymatic 
processes have not been studied for either example, it is expected that a specific 
glycosyltransferase localised in leaves would perform this conversion (Fig. 4.6.). Once 
AA2βGlc reached the fruit another enzyme, in this case a glucosidase, would be required 
to remove the sugar allowing ascorbate to perform its physiological role in the sink 
tissue (Fig. 4.6.). The measured concentrations of AA2βGlc and ascorbate in fruits of 
domestic apple cultivars and other crops (Chapter 3) was also consistent with this 
theory. Little to no AA2βGlc was identified in fruit of these varieties suggesting it was 
hydrolysed during phloem unloading. Again analogous results have been reported in 
both Cucurbits and Coriaria in which a low concentration, or even absence, of the 
respective glycosides was observed in sink tissues (Haritatos et al., 1996; Watkins et al., 
2018). 
Ironically, the most significant outlier in this experiment was the same result that led to 
this work and allowed for the characterisation of AA2βGlc (Chapter 2)(Cho, 2016). This 
was the extremely high concentration of AA2βGlc in the fruit of M. sylvestris and related 
genotypes. Should the proposed mechanism be true, then it would be expected that the 
glycoside is hydrolysed upon reaching fruit and thus would not be detected in this 
tissue. For Royal Gala, Braeburn, and other Rosaceae crops this seems to be the case, but 
it appears something is different in M. sylvestris. Given the similar AA2βGlc content of 
leaves to other varieties, I suggest that M. sylvestris simply lacks the glucosidase enzyme 
necessary to hydrolyse AA2βGlc (Fig. 4.7.). In this situation AA2βGlc would enter the 
fruit intact and accumulate over time due to its superior stability, and subsequently low 
turnover rate, thus resulting in the uncharacteristically high concentrations recorded. 
This may also explain the increase in AA2βGlc concentration between Oct 2017 and Dec 








Fig. 4.7. Proposed transport mechanism for ascorbate in crab apples (M. sylvestris) that 
explains the high concentration of AA2βGlc observed in fruit tissue. Ascorbate is 
biosynthesised in leaves and converted to AA2βGlc by a glycosyltransferase which allows 
for loading into phloem. The stable AA2βGlc is transported to fruit via phloem. AA2βGlc 
then enters the fruit without being hydrolysed due to the lack of a specific glucosidase 
present in other crops. 
4.1.4. Chapter outline 
The aim of the research described in this chapter was to determine whether AA2βGlc 
was utilised in ascorbate transport in the manner proposed above (Fig. 4.6. & 4.7.). 
Efforts were primarily focused on the collection and analysis of phloem exudates from 
the five apple genotypes previously sampled (Chapter 3). Initial phloem collection 
experiments, method development trials, and results of the improved sampling are 
presented in distinct sections (4.2.1, 4.2.2, & 4.2.3). LC-MS analyses allowed for the 
quantitation of relevant metabolites and subsequent comparisons based on relative 
concentration. Enzyme assays were also conducted in an attempt to better understand 
the biosynthesis and hydrolysis of AA2βGlc. Assay development and relative activity of 
different plant parts is reported in Section 4.2.4. Lastly, the results of both phloem 





4.2. Results and discussion 
4.2.1. Preliminary investigation of apple phloem 
Initial sampling of phloem was conducted alongside the analysis of apple fruit and 
leaves from five apple genotypes in Havelock North (Chapter 3). Two different phloem 
exudation methods were trialled, thus giving a greater chance of obtaining a complete 
set of information on each genotype. The first of these methods was EDTA facilitated 
exudation of mature leaf petioles (King et al., 1974) (Fig. 4.8). The second involved 
centrifugation of twig sections (Hijaz et al., 2014). In order to somewhat circumvent the 
difficulty of phloem analysis, sections of twig were also analysed as an indirect method 
of determining the phloem contents. These were collected from the same five genotypes 
at the same three collection dates (Oct 17, Dec 17, Feb 18) as previously discussed apple 
samples (Chapter 3). For the Oct-17 and Dec-17 collections only one twig per tree was 
collected, but three twigs per tree were collected in Feb-18 to obtain more data. The 
primary motivation for collection and analysis of twigs was to gain some indication of 
ascorbate content in stems. The exudation of phloem into an aqueous solution 
combined with the subsequent freeze drying and processing for analysis is likely to 
degrade any ascorbate present in the exudate. By analysing twigs it was hoped that 
some insight into the ratio of ascorbate and its glycoside could be gleaned. 
Understanding this ratio in phloem is crucial to the proposed transport mechanism.  
 
Fig. 4.8. Petioles of mature apple leaves submerged in an Eppendorf tube containing a 




All phloem samples were analysed by LC-MS (Instrument C, method I) in order to 
quantify AA2βGlc and sorbitol. The inclusion of sorbitol was to provide an indication of 
whether phloem was successfully collected, as sorbitol is the primary form of 
translocated carbohydrate in apples, and one of the only metabolites known to be 
present in apple phloem. This analysis was largely unsuccessful, as AA2βGlc was not 
detected in the majority of the phloem exudates collected. The most probable 
explanation is that the volume of phloem collected was very low, or even zero, and once 
diluted to a volume appropriate for LC-MS the concentration of AA2βGlc was below the 
limit of detection (approx. 0.1 μg/mL, which was defined as 3:1 signal:noise 
(Shrivastava and Gupta, 2011)). Further confirmation that phloem had not successfully 
been collected came from the quantification of sorbitol in the Feb 2018 collection. 
Several samples showed appreciable sorbitol concentrations, but the majority returned 
negative results for this metabolite. The fact that a known major component of apple 
phloem was not detected in most exudates, was a clear indicator that the phloem 
collection methods used in this experiment were not suitable. 
 
Fig. 4.9. Concentration of ascorbic acid in apple twigs from the Feb 2018 collection. Values 
given as mean ± standard deviation, where n = 3. 
Whole twig sections were extracted and analysed following the same procedures 
previously described for the quantification of ascorbate and AA2βGlc in leaf and fruit 

































AA2βGlc. However, the concentration of AA2βGlc in many of the twig samples was at or 
below the lower limit of quantification (3 mg/100 g FW, which was defined as 
signal:noise = 10:1(Shrivastava et al., 2011)), a result consistent with the analysis of 
phloem exudates. While AA2βGlc concentration in twigs was low (<8 mg/100 g FW) for 
all genotypes, the opposite was true for ascorbic acid. Twigs from all genotypes were 
found to contain a similar concentration of ascorbic acid, but this concentration (40-49 
mg/100 g FW) was much greater than that of the glycoside (Fig. 4.9). While a greater 
concentration of ascorbate than AA2βGlc would be clear evidence against the transport 
hypothesis this may not be the reality. The composition of twigs as a whole may be very 
different to the composition of the phloem they contain. This is exemplified by the fact 
that phloem accounts for only a fraction of a twig’s total mass and therefore any 
metabolites unique to phloem are significantly diluted in a whole twig measurement. In 
a similar manner to the preliminary phloem results, these analyses of twigs do little 
more than suggest that AA2βGlc is present in all genotypes at a similar, if quite low, 
concentration. In order to gain further insight to the composition of apple phloem and 
the role that AA2βGlc may play in the translocation of ascorbate, more reliable 
exudation and analysis methods had to be developed. 
4.2.2. Method development for phloem sampling 
In order to test and develop an appropriate procedure a tree that could be easily 
accessed for repeated sampling was required. Two apple trees in close proximity to the 
Otago University Department of Chemistry were identified as possible candidates, thus 
removing the need to transport samples from Havelock North to Dunedin. While not 
essential for the purposes of these experiments the fruit and leaves of both apple trees 
were analysed for AA2βGlc. This was achieved using the established extraction 
procedure for quantification of AA2βGlc (Chapter 3, Section 3.4.2) followed by HILIC LC-
MS analysis at Otago University (Instrument B, method III). It was found that both trees 
contained appreciable AA2βGlc in their leaves, but very small quantities in their fruit, a 
result that was consistent with domestic cultivars sampled in both Clyde and Havelock 
North (Table 4.1). While tree 1 contained a higher concentration of AA2βGlc tree 2 was 





Table 4.1: Analysis of AA2βGlc in leaves and fruits of apple trees in Dunedin 
Tree Leaf* Whole fruit* 
Tree 1 (Caversham) 24.8 (19.2-30.4) 0.9 (0.2-1.7) 
Tree 2 (Somerville St) 5.3 (1.9-8.7) 0.4 (0.3-0.5) 
*Conc. of AA2βGlc in mg/100 g FW, reported as mean (range), n = 2. 
Given the ‘hit or miss’ nature of the results obtained with the previous method (Section 
4.2.1), the aim was to achieve reliable detection of phloem components in every sample. 
Since sorbitol is known to be a major component of apple phloem, detection of this 
metabolite would be used as an indication of successful exudation (Reidel et al., 2009). 
However, only the presence and not the concentration of sorbitol in each exudate can be 
used to judge the success of any particular method. This is because the concentration of 
sorbitol in phloem may vary throughout the plant and is therefore not necessarily 
proportional to the volume of phloem collected (Bieleski, 1969; Reidel et al., 2009; 
Wang et al., 2013). The second variable on which each method was evaluated was the 
profile of metabolites present in each exudate. A repeatable exudation method should 
yield chromatograms containing a similar if not identical selection of peaks for phloem 
samples collected from the same plant tissue. Vastly different peaks in each 
chromatogram would suggest the method is not providing a reliable measure of the 
phloem constituents.  
While improved reliability was the priority in these experiments, several other factors 
were also taken into consideration. In order to determine whether AA2βGlc was the 
primary form of translocated ascorbate in apples, it was crucial to compare the relative 
concentrations of AA2βGlc and ascorbate in phloem. This was highlighted by the fact 
that twig samples were found to be high in ascorbate and low in AA2βGlc (see Section 
4.2.1). The previous exudation methods did not allow for detection of ascorbate in 
phloem (Section 4.2.1). The methods trialled in this section incorporated adaptations 
focused on ascorbate preservation for analysis. In order to gain the most information 
possible on any potential transport mechanisms, sampling was expanded to include the 
collection of sink phloem (at fruits), in addition to the source phloem (mature leaves) 
previously sampled.  
Comparative experiments were carried out on tree 2 between Nov 2018 (spring) and 
Feb 2019 (late summer). Phloem was sampled from mature leaf petioles, twig sections 




attached to the tree for the specified time (2 or 4 h depending on method). The 
adjustments made to the original phloem exudation procedure (Section 4.2.1), and the 
justifications for each of these changes, are listed in Table 4.2. The details of the specific 
comparison experiments are detailed in the experimental (Section 4.4.3) and 
summarised in Table 4.3. 
Table 4.2: Modifications to phloem exudation procedure 
Modification Reason 
1. Direct analysis of the phloem exudates by LC-MS 
➢ Remove freeze drying step and minimise time 
between exudation and analysis to preserve 
ascorbate 
2. Samples exuded into minimal volumes of buffer 
➢ Achieve higher concentrations of phloem 
components in the sample for improved 
sensitivity 
3. Petioles cut while submerged in EDTA solution 
➢ Prevent cut stems being exposed to air for any 
period of time and minimise callusing of phloem 
vein, to improve exudation 
4. Addition of TCEP to exudation buffer 
➢ Antioxidant to prevent degradation of ascorbate 
during exudation period 
5. Addition of meta-phosphoric acid upon 
completion of exudation 
➢ Acid to denature hydrolytic enzymes and stabilise 
ascorbate 
6. Exudation time shortened ➢ Less time in which ascorbate may degrade 
7. Leaves exuded in the dark 
➢ Reduce uptake of buffer to minimise the chance 
of cut surface becoming exposed to air and 
drying out 
8. Twig sections of larger diameter selected 
➢ Greater surface area for phloem droplet to be 
collected from upon centrifugation 
9. Twig sections cut and stored under buffer prior 
to centrifugation 
➢ Prevent any callusing of the twig surface prior to 
centrifugation 
The analyses associated with these comparative experiments were conducted on a low-
resolution MS (Instrument B, method III), which is not ideal for the quantification of 
specific metabolites in a complex mixture such as a plant extract. For this reason, and 
the inherent constraints associated with phloem analysis, the results of these method 
development experiments are presented as simply presence or absence of a compound. 
It should also be noted that the detection of AA2βGlc in exudates was barely above the 




equally likely a result of technical limitations as it was the exudation method itself. For 
these reasons the detection of AA2βGlc was not given any weight in judging the success 
of each method. The specific methods trialled and the results of subsequent analysis are 
presented in Table 4.3. 
Table 4.3: Method development experiments for apple phloem exudation 
Method Changes implemented* Test date SorbitolX AscorbateX AA2βGlcX 
Leaf phloem  
A 1, 2  26/11/18 2/5 0/5 0/5 
B 1, 2, 3, 4, 5 26/11/18 5/5 4/5 1/5 
B 1, 2, 3, 4, 5 4/02/19 5/5 5/5 1/5 
C 1, 2, 3, 4, 5, 6 4/02/19 5/5 5/5 2/5 
C 1, 2, 3, 4, 5, 6 15/02/19 4/5 3/5 1/5 
D 1, 2, 3, 4, 5, 6, 7 15/02/19 5/5 5/5 0/5 
Fruit petiole phloem 
E 1, 3, 4, 5 26/11/18 4/5 2/5 0/5 
F 1, 2, 3, 4, 5 4/02/19 5/5 4/5 1/5 
G 1, 2, 3, 4, 5, 6 4/02/19 5/5 5/5 3/5 
G 1, 2, 3, 4, 5, 6 15/02/19 5/5 4/5 2/5 
Twig phloem exudation tests  
H 1, 4, 5, 8, 9 26/11/18 5/5 5/5 0/5 
I 1, 8 4/02/19 3/5 3/5 3/5 
H 1, 4, 5, 8, 9 4/02/19 5/5 5/5 3/5 
I 1, 8 15/02/19 4/5 4/5 3/5 
H 1, 4, 5, 8, 9 15/02/19 5/5 5/5 4/5 
XProportion of samples in which the metabolite was detected (total sample number is 5 in all cases) 
*Numbers refer to the changes detailed in Table 4.2, changes listed have been implemented for that method  
Mature leaf phloem 
For the collection of phloem from mature leaves (source phloem) the elimination of the 
freeze drying procedure and exudation into a smaller solvent volume (Method A) did 
not yield favourable results. The detection of sorbitol in only 2 of the 5 exudates and 
absence of ascorbate in all samples were clear indicators that these modifications had 
not improved upon the original procedure (Table 4.3.). Method B implemented cutting 
the leaf petiole under a solution of EDTA, addition of TCEP to the exudation buffer, and 
acidification of the exudate with metaphosphoric acid. With these changes in place 
sorbitol was detected in all 5 exudates, and ascorbate in 4 of 5 (Table 4.3.). This showed 
improved consistency of exudation, better preservation of ascorbate and was 




Two additional changes were tested, the first being a shorter exudation time. This was 
more practical, and any ascorbate present in the exudate would have less time to 
degrade prior to the addition of metaphosphoric acid. Method C used a 2 h exudation, 
rather than 4 h, and detection of both sorbitol and ascorbate were maintained (Table 
4.3.). The last method trialled was designed to address an issue that had been observed 
in earlier experiments. When leaves were exuded in sunlight, particularly into a small 
volume of solvent, they would absorb the buffer leaving the petiole exposed and 
preventing further exudation. The procedures in method D were the same as for C, but 
were carried out in darkness to stop both respiration and dehydration of the leaves. 
This strategy was successful in preventing uptake of buffer, and the detection of 
metabolites in the resulting exudates was unaffected (Table 4.3.).  
Fruit petiole phloem 
The collection of phloem from fruit petioles was not attempted in the initial phloem 
studies (Section 4.2.1) and therefore the results of the method development studies 
could not be compared to previous work. The collection of fruit petiole phloem was 
practically more difficult due to the need to attach vials to the tree. This caused several 
issues in the initial study with Eppendorf tubes (Method E), but the change to a smaller 
volume of exudation buffer (Method F), and therefore a smaller vial, made this 
procedure more manageable. Interestingly the concentrations of metabolites from fruit 
petiole exudates were much greater than in leaf exudates. This may be a result of more 
phloem being exuded or more concentrated phloem being obtained, but either situation 
bodes well for obtaining reliable detection of phloem components. Reducing the 
exudation period (Method G) had no noticeable effect on the metabolites detected in 
each exudate which was consistent with the results from the leaves (Table 4.3.).  
Twig phloem 
The initial method used for collection of phloem from twig sections was to cut the stem 
and immediately centrifuge the section to exude a droplet from the freshly cut surface 
(Method I). Similarly to the EDTA facilitated exudation of leaves, this approach was very 
inconsistent (Table 4.3.). In some cases an exudate would show high concentrations of 
sorbitol and other metabolites, but in an equal number of cases the resulting 




were sampled in the hope the larger surface area would result in larger volumes of 
phloem exuded. However, this procedure (Method I) twice gave results that were still 
inconsistent (Table 4.3.). An alternative approach was fortunately much more 
successful. Cutting the twigs under buffer, and subsequently centrifuging them with the 
cut end still submerged, gave consistent results. This method (Method H) was repeated 
three times and in all cases ascorbate and sorbitol were detected in every exudate 
(Table 4.3.). Additionally these metabolites were at high concentrations and in similar 
ratios across all exudates, a fact which suggests this is a robust technique. 
The experiments described in this section not only led to improved phloem sampling 
methods, but also provided a greater understanding of the process itself. Methods D, G 
and H have now been proven to be reliable methods of phloem collection for leaves, 
fruit petioles, and twigs respectively. These procedures were combined with HR LC-MS 
analysis in order to study the transport of ascorbate in the apple cultivars of interest. 
4.2.3. Full analysis of apple phloem 
Sampling and analysis 
Collection and analysis of phloem from apple trees was conducted in Feb 2019 (late 
summer) at the Plant & Food Research Orchard in Havelock North. The five trees 
sampled were those which had previously been sampled for fruit, leaf, and phloem 
analyses (Chapter 3, & Section 4.2.1). These were Royal Gala, Braeburn and three M. 
sylvestris related genotypes. The collection of phloem was achieved following the 
procedures developed in Section 4.2.2. Methods D, G and H were applied to mature 
leaves, fruit petioles, and twig sections respectively (Table 4.2 & 4.3). Sampling was 
carried out in triplicate so that 12 phloem exudates were collected from each tree. The 
only exception was the collection of phloem from fruit petioles of ABGS0969 which was 
not possible due to the lack of a sufficiently long petiole, i.e. fruit were connected 
directly to the branch (Fig. 4.10). Once exudation was complete, samples were 
transported to Palmerston North on ice and analysed by quantitative HILIC LC-MS 





Fig. 4.10. Apple fruitlets of ABGS0009 (left) had long petioles between fruit and branch, 
while apple fruitlets of ABGS0969 (right) had very short petioles meaning phloem 
exudates could not be obtained from the fruit petioles of this genotype. 
The primary aim of the LC-MS analyses was to quantify ascorbate, sorbitol and AA2βGlc 
in each of the phloem exudates. Initial results showed that these three metabolites were 
present in virtually all samples, attesting to the improved sampling methods. However, 
they were present at very different concentrations, thus presenting a challenge to 
quantification. Sorbitol, a primary component of apple phloem, was mostly detected at 
concentrations greater than that covered by the range of standards (1-100 μg/mL), 
whereas AA2βGlc was below the limit of quantification (<1 μg/mL) in many cases. 
These results were problematic, because extrapolation of the standard curve, in either 
direction, may lead to significantly less accurate results. This should be kept in mind 
when examining the results presented in Fig. 4.11 and Fig 4.12 which contain a large 
degree of variation, as demonstrated by the size of the error bars. Ideally these samples 
would be analysed at dilutions appropriate for the concentration of each metabolite to 
obtain more accurate results. Unfortunately this was not a viable option given the 
logistics regarding instrument access and the time available. The amount of phloem 
sampled, the propensity of ascorbic acid to degrade, and the distance of the analytical 
laboratory (Palmerston North) from the orchard (Havelock North) also limited options 




an appreciable improvement on the initial attempts to sample and analyse the contents 
of apple phloem and should provide a much clearer indication of whether the original 
transport hypothesis has any merit. 
Results 
As previously described (Section 4.2.1) the exact concentration of metabolites in 
different phloem exudates cannot be compared since the volume collected is variable 
and unknown (Turgeon et al., 2009; Schepper et al., 2013). A common way to 
circumvent this issue is to compare relative concentrations of metabolites. Given that 
sorbitol is known to be a major constituent of apple phloem its concentration can be 
used as a ‘yard stick’ (Reidel et al., 2009; Wang et al., 2013). By reporting the 
concentrations of ascorbate and AA2βGlc relative to the quantity of sorbitol in the same 
exudate, meaningful comparisons can be made. The results obtained from analysis of 
apple phloem are reported in this manner in (Fig. 4.11 & .12). 
One of the most notable results in this data set was that AA2βGlc was detected in 
virtually all phloem samples; i.e. source (leaf), sink (fruit petiole) and twig phloem. This 
confirms the tentative result from the previous sampling (Section 4.2.1.) and indicates 
that this metabolite is transported via phloem. However, comparison to sorbitol 
concentrations revealed that, while AA2βGlc is present in phloem it is by no means a 
major component. All phloem exudates were found to have AA2βGlc between 0-2 µg per 
mg of sorbitol (μg/mg), meaning the concentration of sorbitol was typically >1000x 
higher than that of AA2βGlc. The only exception to this was phloem collected from fruit 
petioles of M. sylvestris, which contained AA2βGlc at a mean relative concentration of 
52.7 µg/mg. Interestingly, leaf and twig exudates from the same tree, M. sylvestris, had 
much lower AA2βGlc concentrations, consistent with exudates from other genotypes 
(Fig. 4.11 & .12). This result is analogous to the distribution of AA2βGlc in fruit tissue 
where crab apple fruit were found to be high in AA2βGlc while domestic cultivars were 
extremely low (Chapter 3). However, in this case phloem from fruit petioles of the other 
crab apple variety sampled, ABGS0009, was low in AA2βGlc (Fig. 4.11). It was 
unfortunate that the third crab apple tree, ABGS0969, could not be sampled for fruit 
petiole phloem as this would have shown whether a high concentration of AA2βGlc in 




high concentration in M. sylvestris sink phloem, there was little variation in the relative 
concentration of AA2βGlc present in phloem exudates (Fig. 4.11). The method and point 
of exudation had little effect on the relative concentration of AA2βGlc and these values 
varied little between the five genotypes sampled. 
 
 
Fig 4. 11. AA2βGlc in apple phloem exudates. Results are reported as relative 
concentrations based on the quantity of sorbitol. Each value is given as mean ± standard 
deviation where n = 3. Bottom graph has had the M. sylvestris fruit petiole result removed 
for clarity of other sample measurements. 
0.7 0.2 0.5 0.1 0.2
52.7

























































Ascorbate was also detected in all but a few phloem exudates. This result was a 
testament to the method development experiments which enabled analysis of this 
fragile metabolite in phloem (Fig. 4.12.). The relative concentration of ascorbate was 
found to be much greater than that of its glycoside. While AA2βGlc was typically present 
at less than 1 µg/mg, ascorbate was detected at relative concentrations ranging from 
2.5-27.8 µg/mg (Fig. 4.12.). Ascorbate concentration varied very little between leaf 
phloem samples of different genotypes, but fruit and twig exudates displayed greater 
differences. It was also noted that phloem from crab apple cultivars was generally 
higher in ascorbate than the domestic cultivars (Fig. 4.12.). However, this trend is not 
significant given the large degree of variation associated with these results, as indicated 
by the error bars (Fig. 4.12). Small differences were observed between the three phloem 
types and sampling methods, but these were also deemed insignificant due to the 
variation between replicates. 
 
Fig. 4.12. Ascorbate in apple phloem exudates. Results are reported as relative 
concentrations based on the quantity of sorbitol. Each value is given as mean ± standard 
deviation where n = 3. 
The consistent presence of AA2βGlc in apple phloem of all five genotypes is an 
indication that this metabolite is transported between source and sink tissues. 
However, if this stable glycoside was utilised as the primary method for translocation of 
























fact that ascorbate was detected in the same phloem exudates at approx. 30x the 
concentration of AA2βGlc is a clear indicator that the glycoside is not the primary form 
of translocated ascorbate. This specific result suggests that if transport of ascorbate 
from leaf to fruit is occurring in apples, it most probably does not do so via 
glycosylation. However, there are several factors yet to be considered that may be 
influencing the results obtained in this experiment. Firstly it is highly likely that all 
exudates contain metabolites, such as ascorbate, that have leached from cells 
surrounding the phloem vein (Turgeon et al., 2009; Schepper et al., 2013; Hijaz et al., 
2014). Enzymes may also enter the sample via the same mechanism and hydrolyse 
AA2βGlc during exudation. Both of these factors could result in an inflated 
concentration of ascorbate, thus explaining the observed ratio of AA2βGlc to ascorbate.  
An alternative explanation, and perhaps a more likely one, is that the hypothesis 
presented earlier (Section 4.1.3) has overlooked a step in the translocation process. 
Tutin and sucrose are known to be transported via glycosylation, but in both cases two 
successive glycosylations are utilised (Chapter 1, Section 1.2.3) (Haritatos et al., 1996; 
Watkins et al., 2018). The first is thought to occur in leaves and minor phloem veins and 
the second in major phloem veins (Haritatos et al., 1996; Watkins et al., 2018). If the 
transport of ascorbate was analogous to these processes it would also undergo two 
glycosylations. This would mean that the major ascorbate derivative in phloem 
exudates would be a diglycoside and not a monoglycoside such as AA2βGlc, thus 
explaining the lack of AA2βGlc in the phloem exudates obtained (Fig. 4.13.). Previous 
analyses showing the presence of AA2βGlc in leaves are also consistent with this 
mechanism as leaves and petioles are the most likely site for the first glycosylation to 
occur and would subsequently have the highest concentration of AA2βGlc (Fig. 4.13.). 
No ascorbyl-diglycosides have been reported from plants. The only examples of such 
metabolites in the literature are by-products of enzymatic syntheses designed to 
produce AA2αGlc on large scales (Kim et al., 2015; Gudiminchi et al., 2016; Shimamoto 





Fig. 4.13. Hypothetical source-sink transport of ascorbate in apples as presented in 
Section 4.1.3. with the addition of a proposed ascorbate diglycoside, based on the structure 
of the tutin diglycoside identified in Coriaria, in major phloem veins. 
Search for an ascorbate diglycoside via MS2 
In order to determine whether a diglycoside of ascorbate was indeed present in apple 
phloem, two different approaches were employed. Firstly the LC-MS data collected on 
phloem samples was searched for the expected mass of an ascorbate diglycoside, [M – 
H]- 499.1299 Da (Fig. 4.13.). This mass was based on a diglucoside given that AA2βGlc, 
the tutin-diglycoside, and the sucrose-diglycoside were all glucosides (Haritatos et al., 




stereochemistry and position of the glycosidic linkage, will not prevent detection in this 
manner, as such differences would still result in isomers, i.e. the same molecular weight. 
The results of this mass search were at first very promising, as a match was identified in 
virtually all phloem exudates. Unfortunately closer examination of this peak revealed 
that it was in fact a 13C isotope of an unknown compound with mass of 498.1254. This 
unknown was coeluting with the secondary metabolite phlorizin (Fig. 4.14.)(Espley et 
al., 2013; Yahia, 2018). No other matches for the target mass were identified suggesting 
the expected ascorbate diglycoside was not present. 
 
Fig. 4.14. Structure of phlorizin, a known phytochemical of apples that was briefly 
mistaken for an ascorbate diglycoside.  
The second approach used to search for an ascorbate diglycoside was LC-MS2. This 
technique would allow for the identification of any metabolites with an ascorbate unit 
as part of their structure. This is more powerful than simply searching for a mass as it 
will identify any ascorbate derivatives present in phloem, including glycosides, not just 
those with an exact mass of 499.129 Da. The LC-MS2 analysis used the same HILIC 
chromatography conditions as previous analyses, but with modifications to the 
detection method to enable fragmentation. The key features of any MS2 method are: 
which parent ions are being fragmented; and whether the fragments can be 
unequivocally linked back to a specific parent ion. Two different MS2 methods were 
developed and utilised in this experiment, namely bbCID (broad band Collision Induced 
Dissociation) and MSMS3. In the bbCID method all ions are fragmented thus giving the 
best chance at identifying an ascorbate fragment. However, daughter ions identified in a 
bbCID scan cannot be linked to a parent ion. Conversely MSMS3 only fragments the 
three most intense ions of any particular scan, but the resulting daughter ions can be 




Leaf, fruit and phloem samples were included in the MS2 experiment. The inclusion of 
leaves and fruits was to verify the detection of AA2βGlc via its fragments, as well as to 
screen for other ascorbate derivatives which may have been missed by previous 
targeted analyses. Each sample was analysed with both the bbCID and MSMS3 methods 
in order to give the best chance of identifying any ascorbate derivatives present. In all 
cases the collision energy for fragmentation was optimised for detection of the 
ascorbate ion ([AsA – H]-, 175.0243 Da) from fragmentation of AA2βGlc. While AA2βGlc 
was identified in all the samples already known to contain it, no additional ascorbate 
fragments were identified. This negative result was the same regardless of the sample 
type or MS2 method. 
The absence of other ascorbate derivatives in apple phloem samples, specifically any 
diglycoside, is further evidence against the original ‘transport via glycosylation’ 
hypothesis (Section 4.1.3). While AA2βGlc is present in phloem, it is not a major 
component and is at much lower concentrations than ascorbate. There are several 
alternative hypotheses that rationalise the results presented in this section. The 
ascorbyl glycoside may be synthesised in leaves and transported for a purpose other 
than the relocation of ascorbate. In other words AA2βGlc may perform a physiological 
role, unrelated to ascorbate, which requires its presence in leaves and phloem. If this 
were the case it could conceivably be synthesised in leaves and translocated alongside 
ascorbate at lower concentrations which is what the findings of this study suggest. 
Given that fruit of all crops sampled, except crab apples, do not contain AA2βGlc this 
metabolite may in fact be required in a different sink tissue. Young shoots and roots are 
both plant tissues that require resources from phloem and neither were included in the 
analysis of apple trees. This may explain the presence in phloem but apparent lack of 
accumulation in a storage organ such as fruit. 
 The most difficult result to explain is the high concentration of AA2βGlc in crab apple 
fruit. If this metabolite is biosynthesised in leaves and transported to fruit, it is hard to 
reason that such concentrations would be reached, especially when considering the 
relative concentration of ascorbate and AA2βGlc in phloem exudates (Fig. 4.11 & and 
4.12). A more plausible explanation of this particular finding might be that AA2βGlc is in 
fact synthesised in crab apples and accumulates readily due to its stability (Chapter 2, 




glycosylation occurs at very low level, but no clear explanation for the presence and 
distribution of AA2βGlc was evident in the data collected. To gain further understanding 
of the mechanisms which lead to this distribution of AA2βGlc in apples and other crops, 
knowledge of where this compound is synthesised and broken down is required. 
4.2.4. Biosynthesis and hydrolysis of AA2βGlc 
Given the mixed success of the phloem analyses described in preceding sections, a 
different avenue was explored. This was to use enzyme assays to investigate the 
processes by which ascorbate was glycosylated to give AA2βGlc, as well as the 
hydrolysis of AA2βGlc to ascorbate. These two processes are the fundamental chemical 
reactions required for the translocation of ascorbate as outlined by the original 
hypothesis (Section 4.1.3). By testing plant tissues for these activities it may be possible 
to establish which processes occur in each plant part, and to gain greater insight into 
the transport and accumulation of AA2βGlc. This can be achieved by isolation of 
proteins (enzymes) from plant tissue samples and testing the activity of these extracts 
by means of appropriate assays (Yu et al., 2007; Ketudat Cairns et al., 2015). It is 
inherently easier to study the glucosidase activity (hydrolysis) of extracts than it is to 
test for glycosyltransferase activity (synthesis). This is primarily because the only 
substrate for the glucosidase reaction would be AA2βGlc and if an appropriate enzyme 
is present the reaction is likely to proceed (Ketudat Cairns et al., 2015). For the 
enzymatic synthesis of AA2βGlc many different glucose derivatives or polysaccharides 
may be required for the enzyme to perform its function (Ketudat Cairns et al., 2015; 
Ahmed et al., 2017). Given the plethora of possible substrates, any assay chosen may not 
show glycosyltransferase activity even if the enzyme responsible for this glycosylation 
is present in the plant extract. Therefore the work in this chapter is primarily focused 
on the glucosidase activities of enzymes extracted from individual plant tissues.  
The original hypothesis stated that AA2βGlc is synthesised in leaves of all apple 
genotypes and transported towards fruit via the phloem (Section 4.1.3). In domestic 
cultivars it was thought that AA2βGlc was hydrolysed upon entering the fruit, while in 
crab apples the AA2βGlc remained intact and accumulated due to its stability. Should 
this be the case increased β-glucosidase activity in fruit of the domestic cultivars would 
be observed, or at least some level of specific β-glucosidase activity. This activity may 




lack of β-glucosidase activity in crab apples would also be consistent with this 
hypothesis. The aim of this work was to test the capability of different plant tissues to 
hydrolyse AA2βGlc. If successful these experiments should give a good indication as to 
whether AA2βGlc is accumulated in crab apples due to translocation from leaves, or if 
biosynthesis in fruits is the primary source of this metabolite. 
Assay development with commercial enzymes 
In order to develop and verify assays for the detection of glucosidase activity a selection 
of commercial enzymes were used. These were β-glucosidase from almonds, 
glucosidase from Aspergillus niger, and cellulase from Trichoderma viride. The β-
glucosidase activity of these enzymes was assessed by their ability to hydrolyse pNPG 
(p-nitrophenol-β-glucopyranoside) (Fig. 4.15.). This assay is a well-established 
procedure for the measurement of β-glucosidase activity as pNPG is an acceptable 
substrate to a broad range of enzymes, and the product of hydrolysis (p-nitro-phenol) is 
easily quantified via its visible light absorbance (Ketudat Cairns et al., 2015; Ahmed et 
al., 2017). All three enzymes successfully hydrolysed pNPG and their activities were 
found to be consistent with data from the suppliers (Table 4.4). Given the success of this 
assay, it was considered an appropriate way in which to assess generic β-glucosidase 
activity in apples. This would be achieved by substituting the commercial enzyme for 






Fig. 4.15. Reaction scheme for the glucosidase assays used in the investigation of 
ascorbate transport. pNPG assay was used for generic β-glucosidase activity (top), and 
AA2βGlc assay for specific β-glucosidase activity. 
Table 4.4. β-glucosidase activity of commercial enzymes 
Enzyme pNPG Assay (mU/mg*) AA2βGlc Assay (mU/mg*) 
β-Glucosidase from Almonds  51,900 204.1 
Glucosidase from Aspergillus niger 2,200 49.8 
Cellulase from Trichoderma viride  1,500 80.4 
*U/mg = units per mg of enzyme. U = μmol of substrate processed per min. 
A similar process was followed in order to develop an assay for measuring glucosidase 
activity specific to AA2βGlc (Fig. 4.15.). In this case enzyme was added to a buffered 
solution containing the ascorbyl glycoside. HILIC LC-MS (Instrument B, method IV) was 
used to measure the concentration of AA2βGlc over the course of the assay. Initial 
experiments suggested that the commercial enzymes had no activity on AA2βGlc, but 
higher concentrations of both enzyme and substrate gave more promising results. All 
three enzymes were found to have activity on AA2βGlc, but giving lower rates of 
hydrolysis than on pNPG (Table 4.4., Fig. 4.16.). This is unsurprising given that pNPG 
was chosen specifically because it is a generic substrate that is readily hydrolysed by a 
wide range of β-glucosidases (Ketudat Cairns et al., 2015; Ahmed et al., 2017). The 
enzymes chosen in this experiment are clearly not well suited to the hydrolysis of 




Despite the lack of a specialised enzyme with which to perform the hydrolysis, activity 
was still observed and changes to the concentration of AA2βGlc were easily followed by 
LC-MS. This confirms that this method is appropriate for testing glucosidase activity 
specific to AA2βGlc in apple tissues. 
 
Fig. 4.16. AA2βGlc glucosidase assay with the three commercial enzymes. The rate of 
AA2βGlc hydrolysis is used to calculate the activity of each enzyme in mU/mg (U = units = 
μmol of substrate processed per min). 
Glucosidase activity in apple tissues 
Having developed appropriate assays to test for both generic and specific glucosidase 
activity these methods were applied to the enzymes present in protein extracts of 
different apple tissues. The samples included a selection of fruit, leaf and stem extracts 
from a variety of genotypes (Table 4.5.). For fruit samples these genotypes were the 
same five as previously analysed for AA2βGlc content (Chapter 3, & section 4.2.1). These 
fruits were collected in March 2019 (early Autumn), but stem and leaf samples had not 
been collected and stored alongside them. Since apple trees are deciduous, plant 
material collected in winter would bear little relevance to a study focused on the 























Aotea from an earlier collection were utilised. While not reported in this thesis, Aotea is 
a crab apple variety which is known to contain high levels of AA2βGlc in its fruit (Pers. 
Comm. W. Laing, unpublished results). Isolation of the protein component from these 
samples was achieved via aqueous extraction of frozen plant tissue in the presence of 
protease inhibitors. Polyphenolics were removed using PVPP 
(Polyvinylpolypyrrolidone) adsorption and separation from small molecules was 
achieved using size exclusion cartridges. The protein extracts obtained were used in 
assays without dilution in order to give the best chance to observe activity.  
Table 4.5. β-glucosidase activity of protein extracts of apple tissues 
Genotype pNPG Assay (mU/mg) AA2βGlc Assay (mU/mg) 
Fruit samples 
Braeburn  0.02 NAD 
Royal Gala 0.03 NAD 
M. sylvestris 0.05A NAD 
ABGS0009 0.04B NAD 
ABGS0969 0.02 NAD 
Stem samples 
Braeburn 0.18 NAD 
Aotea 0.57 NAD 
Leaf samples 
Braeburn 0.44 NAD 
Aotea 0.72 NAD 
A4.39 mU/mg when seeds were included. B1.21 mU/mg when seeds were included. 
U/mg = units per mg of plant material. U = μmol of substrate processed per min. 
NAD = no activity detected 
Using the pNPG assay it was found that leaves and stems had much higher β-glucosidase 
activity than the fruits (Table 4.5., Fig. 4.17 & 4.18). For both Aotea and Braeburn the β-
glucosidase activity measured in leaf extracts was greater than that of stem extracts, 
and Aotea exhibited higher activity than Braeburn in both tissue types (Fig. 4.17). Initial 
assays of the fruit extracts showed high activity in M. sylvestris and ABGS0009, and low 
activity across the other three genotypes. However, re-extraction of these samples being 
sure to exclude seeds, a known source of β-glucosidase enzymes, resulted in similarly 
low values across all fruit extracts (Table 4.5., Fig. 4.18) (Podstolski and Lewak, 1970; 
Tong et al., 2004; Yu et al., 2007). The differences observed between extracts of leaves, 
stems and fruits were consistent with the expected result. Leaves, and to some extent 
stems, are the site of many biochemical processes and therefore have a higher 




storage organs with comparatively few enzymes (Podstolski et al., 1970; Dick et al., 
1990; Yu et al., 2007). In fact, once seeds were excluded, the glucosidase activity in fruit 
extracts was barely detectable in this assay. 
 
Fig. 4.17 Extracts of Aotea and Braeburn stem and leaf analysed using the pNPG assay to 
test for generic β-glucosidase activity. 
 
Fig. 4.18. Extracts of fruit analysed using the pNPG assay to test for generic β-glucosidase 
















































Having established the distribution of generic β-glucosidase activity in apple tissues, 
extracts of the same samples were tested using the AA2βGlc assay. In all cases the 
results showed no detectable activity towards the substrate (Table 4.5., Fig. 4.19 & 4.20). 
This is a clear indication that none of the plant tissues from the genotypes included in 
this experiment contained any enzymes capable of hydrolysing AA2βGlc, at least under 
the extraction and assay conditions used.  
 
Fig. 4.19. Extracts of Aotea and Braeburn stem and leaf analysed using the AA2βGlc assay 
































Fig. 4.20. Extracts of fruit analysed using the AA2βGlc assay to test for β-glucosidase 
activity on this specific substrate. 
In addition to the experiments described thus far, several additional assays were 
carried out at the Plant & Food Research site in Palmerston North by the Author at an 
earlier date. These experiments included both glucosidase and glucosyltransferase 
assays utilising extracts of apple tissue. The substrates chosen for the 
glucosyltransferase assays were ascorbate and UDP-glucose. Plant samples included 
fruits of the five previously studied genotypes as well as fruits of Aotea. Enzyme 
extraction procedures and glucosidase assays were carried out in a manner analogous 
to the previously described methods. UHPLC-UV (Instrument D, method III) was used 
for detection of both ascorbate and AA2βGlc. Unfortunately the results of these assays 
were negative as no activity was detected in either assay. 
Discussion 
Based on the results obtained from each of the enzyme assays there is no evidence in 
favour of the originally proposed transport hypothesis. Given the lack of any specific 
hydrolase activity in any of the tissues sampled, it seems most likely that AA2βGlc is 
biosynthesised in crab apples and accumulates in that tissue. However, there are several 





























samples were analysed, and it is possible that additional samples of other genotypes 
may reveal different activities. Stem tissue close to fruits (petioles) may be the best 
place to look for glucosidase activity, but these were not included in these experiments. 
Secondly, all plant material used in these assays was collected late in the growing 
season (March-April). Previous analyses have shown that AA2βGlc accumulates 
between Oct-Dec and then remains relatively constant (Chapter 3). The fact that these 
samples were collected at fruit maturity may mean that AA2βGlc was not being 






The work presented in this chapter was built around the examination of a hypothesis 
regarding the long-distance translocation of ascorbate via formation of AA2βGlc in 
apple leaves. Two distinct sections of research were conducted to investigate this 
hypothesis and to provide evidence either for or against it.  
The first of these sections focused on collection and analysis of phloem from leaves, 
stems, and fruit petioles of a selection of apple cultivars. The identification of AA2βGlc in 
this tissue type was a result in favour of the hypothesis as it indicated the metabolite 
was transported via phloem. However, several other results from the analysis of phloem 
were not indicative of transport. In particular, the relative concentration of ascorbate, 
which was approx. 30x that of AA2βGlc.  
The second approach used enzyme assays to determine which plant tissues, if any, could 
hydrolyse AA2βGlc. While stem and leaf extracts were found to have β-glucosidase 
activity on pNPG, they were incapable of hydrolysing AA2βGlc. Fruit tissues of all 
genotypes displayed virtually no glucosidase activity in either assay. These results also 
suggest that ascorbate is not translocated via the proposed mechanism. Conducting 
further enzyme assays and phloem measurements on a wider selection of genotypes 
during the period of rapid growth and fruit develop (spring) may reveal that the 
transport hypothesis is correct. However, based on the results presented in this chapter 




4.4. Experimental  
4.4.1. General 
Materials (See Chapter 2, Section 2.4.1.) 
Chromatography and mass spectrometry 
Instrument B, Method III, See Chapter 2, Section 2.4.1 
Instrument B, Method IV, See Chapter 2, Section 2.4.1 
Instrument C, Method I, See Chapter 2, Section 2.4.1 
C) The LC-MS system consisted of a Dionex Ultimate 3000 Rapid separation LC system 
(Thermo Scientific) linked to a microTOFQ QII mass spectrometer (Bruker Daltonics, 
Bremen, Germany) with electrospray ionisation, operated in negative ion mode and 
controlled by Chromeleon Chromatography Data System software. 
II) The column and LC method were the same as for Instrument C, Method I 
(Chapter 2, Section 2.4.1.). The MS method was altered to provide two methods of 
collecting MS2 data. Collision energy was -10 eV for both methods. 
IIa) bbCID (Broad Band Collision Induced Dissociation) 
IIb) MSMS3 (fragmentation of the three most intense ions in each scan) 
Instrument D, Method III, See Chapter 3, Section 3.4.1 
4.4.2. Preliminary phloem and twig measurements 
Collection 
Plant material was collected at the Plant & Food Research Orchard in Havelock North 
from five apple trees each representing a different genotype. These were the same as for 
analyses presented Chapter 3: Braeburn, Royal Gala, M. sylvestris and two crab apple 
trees related to M. sylvestris (ABGS0009 and ABGS0969). Three separate collections 
were carried out: 26/10/17, 04/12/17, and 26/02/18. Twig phloem was collected by 
centrifugation (13,000 rpm, 5 min) of a freshly cut twig section (5x15 mm approx.) from 




mature leaves into a solution of EDTA (5 mM, pH 7) for 18 h. One twig sample from each 
tree, approx. 5x50 mm, was collected for standard extraction and analysis. In Feb 2018, 
three twigs from each tree were collected. All samples were transported on ice to the 
chemistry lab at the Plant & Food Research site in Palmerston North and processed the 
following day. 
Extraction and analysis 
Whole twig samples were frozen with liquid nitrogen, ground to a powder, weighed into 
vials (100 mg) and stored at -80 °C until extraction and analysis. For the analysis of 
AA2βGlc by LC-MS (Instrument C, Method I) samples were extracted following the 
procedure outlined for leaves and fruits in Chapter 3 (Section 3.4.2.). For samples 
collected in Feb-18 two sets of samples were processed and the second set analysed for 
ascorbate (Instrument D, Method III) using the extraction procedure detailed for 
ascorbate analysis in leaves and fruits in Chapter 3 (Section 3.4.2.). Phloem exudates, of 
both leaves and twigs, were freeze dried and subsequently dissolved in the same buffer 
used for AA2βGlc extraction (0.5 mL). Samples were then diluted with MeCN (1:1) and 
analysed by LC-MS (Instrument C, Method I). Standard preparation and quantitation 
was carried out in the same manner as described for previous analyses of fruit and leaf 
samples (Chapter 3, Section 3.4.X) with the addition of ascorbate and sorbitol standards 
for quantitation of these metabolite. 
4.4.3. Phloem method development studies 
Fruit and leaf analysis 
Fruit and leaf material was collected from two apple trees in the Dunedin area. Tree 1 
was located in the suburb of Caversham and tree 2 on Somerville St in Andersons Bay. 
Processing, extraction and analysis of these samples followed the procedures outlined 
for analysis of AA2βGlc in fruit and leaves in Chapter 3 (Section 3.4.2). The only 
difference was that analyses used instrumentation in the Otago University Department 






Three separate collections of phloem from tree 2 were carried out in order to test a 
variety of exudation methods on different plant parts. The combination of methods 
trialled at each test date and the variables modified in each one are summarised in 
Table 4.2 (Section 4.2.2). The specific details of these methods are: 
Leaf phloem exudation methods 
A. Mature leaf petiole were cut and immediately placed in HPLC insert vials 
containing an aqueous solution of EDTA (5 mM, pH 7, 200 μL). Samples were left 
to exude for 4 h before the leaf was removed, solution diluted with MeCN (1:1) 
and analysed by LC-MS (Instrument B, method III). 
B. As described for method A with the following modifications; samples were cut 
under a solution of EDTA (5 mM, pH 7) and then transferred to vials, TCEP (2 
mM) was present in exudation buffer, m-phosphoric acid (2 mM final conc.) was 
added once exudation was complete.  
C. As described for method B with following modifications; samples left to exude for 
only 2 h. 
D. As described for method C with following modifications; samples exuded in 
darkness. 
Fruit petiole exudation methods 
E. Fruit petioles were cut under a solution of EDTA (5 mM, pH 7) and an Eppendorf 
vial containing aqueous solution (1.5 mL) of EDTA (5 mM) and TCEP (2 mM) was 
attached to the remaining section of petiole attached to the branch. Samples 
were left to exude for 4 h before the vial was removed, m-phosphoric acid (2 mM 
final conc.) was added and the sample diluted with MeCN for analysis by LC-MS 
(Instrument B, method III). 
F. As described for method E with the following modifications; Samples exuded into 




G. As described for method F with the following modifications; Samples left to exude 
for 2 h. 
Twig phloem exudation methods 
H. Twig sections were cut under an aqueous solution of EDTA (5 mM, pH 7) and 
transferred to an Eppendorf containing a solution (100 μL) of EDTA (5 mM) and 
TCEP (2 mM). Samples were centrifuged (13,000 rpm, 5 min), twig sections 
removed and m-phosphoric acid (2 mM final conc.) added to the resulting 
solution. Analysis by LC-MS (Instrument B, method III) was conducted after 
dilution with MeCN (1:1).  
I. Twig sections were cut and immediately centrifuged in Eppendorf tubes (13,000 
rpm, 5 min). The resulting exudate was diluted in 1:1 MeCN:H2O and analysed by 
LC-MS (Instrument B, method III). 
4.4.4. Analysis of apple phloem 
Samples were collected from the same five trees listed in previous sections (Sections 
3.4.2, and 4.4.2). From each of the five trees, phloem was collected from 3 mature leaves 
using method D, 3 fruit petioles using method G, and 3 twig sections using method H. 
Samples were transported to Plant & Food Research in Palmerston North on ice and 
analysed by LC-MS (Instrument C, method I). Standard preparation and quantitation 
was carried out in the same manner as described for previous analyses of fruit and leaf 
samples (Chapter 3, Section 3.4.X) with the addition of ascorbate and sorbitol standards 
for quantitation of these metabolites. A subset of the phloem samples were selected for 
MS2 analysis alongside leaf and fruit samples from previous collections, this was 
achieved using Instrument C and both method IIa and method IIb. 
4.4.5. Enzyme assays 
Enzymes 
The commercial enzymes used to develop and verify the suitable of assays were β-
Glucosidase from Almonds (CAS#9001-22-3), Glucosidase from Aspergillus niger 




these enzymes in phosphate buffer (10 mM, pH 7) were prepared at appropriate 
concentrations for tests in assays. 
Plant material 
Fruit samples of the five standard genotypes (Braeburn, Royal Gala, M. sylvestris, 
ABGS0009, ABGS0969) were collected in April-19 by Clair Molloy. Stem and leaf 
samples of Braeburn and Aotea were collected in Feb-19 by William Laing. All samples 
were stored at -80 °C until analysis. 
Extraction method 
The following procedure was used to isolate the protein portion of plant tissues which 
could subsequently be used in glucosidase assays. Frozen and ground plant material 
(approx. 150 mg) was extracted with 1 mL phosphate buffer (0.2 M, pH 6.9) containing 
(DTT, 5 mM), PVPP (0.2 g), Triton X100 (0.1 g) and a protease inhibitor tablet (Roche 
Diagnostics, cOmplete mini tablet, EDTA-free). Samples were then centrifuged (13,000 
rpm, 5 min) and the supernatant purified with size exclusion cartridges (Illustra, NAP 5 
mL prepacked column, Sephadex G-25 DNA grade) eluted with citrate buffer (0.05 M, 
pH 6) containing DTT (2 mM). All steps of the procedure were carried out on ice. 
Extracts were assayed immediately after purification in all cases.  
Assay procedures 
The reagents, analysis methods and general procedure used for both the AA2βGlc and 
pNPG assays are shown in Table 4.6. Each assay was carried out with each of the 





Table 4.6. General details for glucosidase assays 
 pNPG Assay AA2βGlc Assay 
Assay buffer Acetate (0.1 M, pH 5) Acetate (0.1 M, pH 5) 
Substrate pNPG (20 mM, pH 7) AA2βGlc (1 mg/mL, pH 7) 
Quench soln. Na2CO3 (0.2 M) m-phosphoric acid (5% w/v, pH 1) 
Analysis method Absorbance @400 nm* Instrument B, Method IV 
Procedure Substrate solution was mixed with assay buffer at room temperature and enzyme 
solution or plant extract added to initiate the reaction. Aliquots of the reaction 
solution were removed at timed intervals and added to vials containing the 
quench solution. Samples when then analysed to quantify the loss of substrate or 
formation of product. 






Chapter 5: Synthesis 
5.1. Introduction  
Vitamin C (L-ascorbic acid, ascorbate, 1) plays an important role in the human body, its 
involvement in collagen formation, carnitine synthesis and iron absorption is well 
documented (Englard et al., 1986; Takebayashi et al., 2008; Han et al., 2012). However, 
ascorbate is also infamous for its extreme instability and propensity to degrade under 
even the slightest of oxidative conditions. Exposure to heat, light, metal ions, high pH or 
ascorbate oxidase may lead to loss of biological activity in vivo (Khan et al., 1967; Han et 
al., 2012). Given the fragile nature of this metabolite, the majority of synthetic research 
on ascorbate has been aimed at producing a more stable compound that retains the 
biological activity of free ascorbate. This has led to a plethora of structures 
incorporating a diverse range of functional groups at the 2-, 3-, 5- and 6-positions of 
ascorbic acid. Examples of these modifications include the attachment of sulfates, 
phosphates, alkyl chains, fatty acids, cinnamate esters and amino acids to name a few 
(Bond et al., 1972; Galey and Terranova, 1995; Xia and Zhong, 2003; Lee et al., 2014). 
 
Fig. 5.1. Ascorbic acid (1) and 2-O-α-D-glucopyranosyl-L-ascorbic acid (AA2αGlc, 2), the 
most common ascorbyl glycoside. 
Perhaps the most successful, and therefore most prevalent, ascorbate derivatives are 
the ascorbic acid glycosides. It has been shown that addition of a sugar, such as glucose, 
to the 2-hydroxyl group of ascorbate greatly enhances the stability of the molecule to 
oxidation (Takebayashi et al., 2008; Tai, 2013). While there are similarities between the 




ascorbate (Takebayashi et al., 2008; Han et al., 2012; Tai, 2013). However, these 
differences are inconsequential to many applications since the glycoside is readily 
hydrolysed by glycosidase enzymes to give free ascorbate when introduced to a 
biological system (Yamamoto et al., 1990; Toyoda-Ono et al., 2004; Han et al., 2012). 
This pro-drug behaviour of ascorbyl glycosides has been exploited for many commercial 
applications. Compounds such as 2-O-α-D-glucopyranosyl-L-ascorbic acid (AA2αGlc, 2) 
can be found in a range of products including skin whitening agents, dietary 
supplements, processed foods, cosmetics and various medicines (Maeda et al., 2003; 
Han et al., 2012; Lee et al., 2014; Ma et al., 2016; Ma et al., 2017). 
The commercial success of AA2αGlc has sparked an interest in the production of 
ascorbyl glycosides. Developing efficient syntheses of AA2αGlc on the industrial scale as 
well as gaining access to other, potentially more effective, ascorbyl glycosides is of great 
value. There are currently a diverse range of ascorbyl glycosides reported in the 
literature. The methods by which these compounds are prepared vary from large scale 
biocatalytic procedures to specific chemical syntheses. These approaches are 
highlighted in the following pages (Han et al., 2012; Gudiminchi et al., 2016; Ma et al., 
2017). 
5.1.1. Enzymatic syntheses 
The coupling of a sugar to ascorbic acid is a reaction that can be facilitated by many 
different glycosyltransferase enzymes. The biotransformation is typically carried out by 
incubation of the three basic components, i.e. the enzyme, the ascorbate and a source of 
sugar (carbohydrate). Under favourable reaction conditions the enzyme catalyses the 
transfer of a sugar unit from the carbohydrate to ascorbate. Depending on the nature of 
the enzyme, the position and configuration of the linkage may vary, as may the 
specificity and efficiency of the reaction (Suzuki et al., 1973; Yamamoto et al., 1990; 
Kitahata et al., 1996; Kim et al., 2005; Han et al., 2012; Gudiminchi et al., 2016).  
A biotransformation of this type was first achieved by Suzuki et al. in 1971 (Miyake and 
Suzuki, 1971). This preparation was the first ascorbyl glycoside reported in the 
literature. The enzyme used was an α-transglucosidase isolated from Aspergillus niger, 
and was found to give the 6-α-glycoside of ascorbate (Miyake et al., 1971; Yamamoto et 




glycoside using rat intestinal, and rice seed, α-transglucosidases (Yamamoto et al., 
1990). This compound was characterised by X-ray crystallography and shown to be 
AA2αGlc product (Fig. 5.1) (Mandai et al., 1992). Yamamoto also ran assays to 
demonstrate the enhanced chemical stability of AA2αGlc compared to that of ascorbate 
(Mandai et al., 1992). Since this initial synthesis, the bulk of research into enzymatic 
production of ascorbyl glycosides has been directed at developing a large scale, high 
yielding method for the production of AA2αGlc (Han et al., 2012). In most processes an 
oligosaccharide is linked to ascorbate and then the excess glucose units are removed by 
a second enzyme (Miyake et al., 1971; Yamamoto et al., 1990; Han et al., 2012; 
Gudiminchi et al., 2016). However, this is not desirable as it is a very inefficient use of 
glucose donor. The current gold standard for industrial scale production gets around 
this problem by utilising a specific cyclodextrin glucanotransferase that is highly 
disproportionating (Gudiminchi et al., 2016). After attaching a single glucose to 
ascorbate the remaining portion of the oligosaccharide (cyclodextrin) may re-enter the 
enzyme and continue to donate glucose units to ascorbic acid (Gudiminchi et al., 2016).  
In addition to the production of AA2αGlc several other ascorbyl glycosides have been 
synthesised using an enzymatic approach. In most cases these compounds have been 
made in order to explore their antioxidant properties, or for use as biological tools, 
rather than production for commercial sales (Miyake et al., 1971; Kitahata et al., 1996; 
Maeda et al., 2003; Kim et al., 2005; Toyada-Ono et al., 2005). It was previously 
mentioned that AA6αGlc had been enzymatically prepared by Suzuki et al., but several 
other examples of 6-glycosides can be found in the literature (Miyake et al., 1971; 
Kitahata et al., 1996; Toyada-Ono et al., 2005). The closely related AA6βGlc has been 
prepared using a fungi derived cellulase, and cellobiose as the glucose donor (Toyada-
Ono et al., 2005). The less common AA6αGal has been synthesised using raffinose and 
an α-galactosidase, also derived from fungi (Kitahata et al., 1996). In addition to those 
used to produce AA2αGlc, several biotransformations have been developed to facilitate 
other 2-glycosidations. These include the preparation of AA2βFru from inulin or levan 
and a fructotransferase, again in search of desirable stability and antioxidant properties 
(Kim et al., 2005). The most relevant ascorbyl glycoside to the research presented 
elsewhere in this thesis, AA2βGlc, has been prepared by Toyada-Ono et al. using the 




Despite the reaction conditions being optimised for the production of AA2βGlc, AA6βGlc 
was still produced in significant quantities due to the enzyme’s preference for the 6-
hydroxyl group. Once purified AA2βGlc was fed to rats in order to demonstrate its pro-
vitamin C activity (Toyada-Ono et al., 2005). The glycosidase enzyme’s lack of specificity 
for a single hydroxyl group has also led to identification of AA5αGlc as a by-product in 
the preparation of AA2αGlc (Mandai et al., 1993). 
5.1.2. Chemical syntheses 
While a selection of ascorbyl glycosides have been successfully produced by 
biotransformation, several of these compounds have also been synthesised by chemical 
means (Toyoda-Ono et al., 2004; Li et al., 2009; Shimamoto et al., 2016; Ma et al., 2017). 
Preparation of ascorbyl glycosides without biological assistance is less common as it 
requires a more complex, multistep synthesis with typically lower yields and is not as 
easily implemented on a large scale. However, chemical synthesis has its own 
advantages. The ability to choose and manipulate chemical reactions allows for 
significantly more control over the position, stereochemistry and number of linkages 
formed. Biocatalytic reactions are known to produce by-products that are hard to 
separate from the desired ascorbyl glycosides, such di-, tri- and oligo-saccharides of 
ascorbate, as well as ascorbyl glycosides linked through the wrong hydroxyl group. The 
specificity of a well designed chemical synthesis eliminates these by-products and thus 
removes the need for extensive purification (Mandai et al., 1993; Toyada-Ono et al., 
2005; Han et al., 2012; Gudiminchi et al., 2016). Despite some of these benefits the 
chemical synthesis of ascorbyl glycosides is rare and only four publications were found 
(Toyoda-Ono et al., 2004; Li et al., 2009; Shimamoto et al., 2016; Ma et al., 2017). 
The first chemical synthesis of an ascorbyl glycoside was published by a Japanese group 
(Toyoda-Ono et al., 2004). Their synthesis of 2-O-β-D-glucopyranosyl-L-ascorbic acid (8) 
was undertaken in order to verify the structure of an ascorbyl glycoside isolated from 
goji berries (Lycium barbarum). The approach chosen started with 5,6-O-
isopropylidene-L-ascorbic acid (3) and selectively benzylated the more reactive 3-OH 
group, thus leaving the 2-OH free for further modification. The glucose donor selected 
for the glycosylation reaction was described as a ‘(2-,3-,4-,6-tetra-O-acetyl-β-D-
glucopyranosyl) carbonic acid 2-,2-,2-trichloroethyl ester’, but this does not match the 




5.2.) (Toyoda-Ono et al., 2004). The reaction itself was reportedly carried out by heating 
the two components, without any solvent present. A glycosylation using this method has 
no literature precedent and no examples of this methodology have since been reported. 
Furthermore no mention as to how the glucose donor was purchased or prepared was 
provided by the authors (Toyoda-Ono et al., 2004). The first two deprotections, 
deisopropylidation and debenzylation, were achieved following well documented 
procedures. Lastly the acetates were removed using aqueous potassium carbonate in 
methanol to give the final product with a yield of 12% over five steps. This is the first 
ever report of AA2βGlc (8) and the compound was characterised by NMR and MS 
spectra. In a 2012 review on ascorbyl glycosides the authors suggest that Toyoda-Ono et 
al. struggled with the synthesis of ascorbyl glycoside 8 and arrived at the published 
approach after more traditional TCA (Trichloroacetimidate) methodology failed (Han et 
al., 2012). However, to the best of my knowledge Toyoda-Ono et al. have not published 
anything to suggest that this was the case.  
 
Fig. 5.2. The first chemical synthesis of an AAG, 2-O-β-D-glucopyranosyl-L-ascorbic acid, as 
described by Toyoda-Ono (Toyoda-Ono et al., 2004). i. BnBr, K2CO3, DMSO. ii. Heat. iii. H2, 
Pd-C, EtOAc. iv. AcOH, H2O. v. K2CO3, MeOH, IRA-120 (H+). 
Since this first report by Toyoda-Ono et al., three other groups have published their own 




2016; Ma et al., 2017). While the methodology described in two of these publications is 
very similar, the work of Shimamoto et al. describes a differing approach, particularly 
with regard to the use of protecting groups (Shimamoto et al., 2016). The previously 
described 5,6-O-isopropylidation and 3-O-benzylation of ascorbic acid is the typical 
approach to leave the 2-OH free for glycosylation (Fig 5.2.). However, the benzylation is 
low yielding (39%) and therefore a limiting factor for the synthesis (Toyoda-Ono et al., 
2004). Shimamoto et al., circumvent this issue by per-acetylating ascorbic acid and 
subsequently using ethylpiperazine for selective removal of the 3-O-acetyl and later 2-
O-acetyl protecting groups (Shimamoto et al., 2016). Figure 5.3. shows the series of 
reactions by which the tetra-acetyl ascorbic acid is manipulated to reach an ascorbic 
acid derivative (12) with all hydroxyls except the 2-OH group protected (Shimamoto et 
al., 2016). While the extra steps make this approach more labour intensive the overall 
yield is higher than the direct 3-O-benzylation (Toyoda-Ono et al., 2004; Shimamoto et 
al., 2016). Traditional TCA methodology and subsequent deprotections were used by 
Shimamoto et al. to complete the glycosylation and produce AA2βGlu (8) and AA2βGal 
(8a) (Shimamoto et al., 2016). 
 
Fig. 5.3. Ascorbic acid protection strategy as used by Shimamoto et al. (Shimamoto et al., 




While Shimamoto may have been successful, several other authors have cited 
difficulties with TCA facilitated glycosylations of ascorbate (Li et al., 2009; Han et al., 
2012; Shimamoto et al., 2016; Ma et al., 2017). These same authors have independently 
arrived at an alternative approach using a brominated glycosyl donor (13)(Fig. 5.4) (Li 
et al., 2009; Ma et al., 2017). This strategy was first reported as part of a Chinese patent 
for the preparation of ascorbyl glycosides with sugars linked at the 3-OH group (Li et al., 
2009). Again the starting point was 5,6-O-isopropylidene-L-ascorbic acid (3), which was 
reacted directly with the glycosyl donor utilising the difference in reactivity of the 2- 
and 3-OH groups. While the patent makes claims on several different sugars and donor 
types the primary example is that of hepta-O-acetyl-lactosyl bromide donor, which, 
under basic conditions, forms a β-linkage with the 3-OH of ascorbate (Li et al., 2009). A 
very recent publication also uses the glycosyl bromide donor and similar reaction 
conditions to produce not only a 3-β-glycoside (15), but also a 2-β-glycoside (8) (Fig. 
5.4) (Ma et al., 2017). The methods of protection and deprotection are very similar 
throughout these syntheses, as well as those mentioned above. In all cases acetates are 
used to protect the sugar while isopropylidene is the preferred group to cover the 5- 
and 6-hydroxyls of ascorbate. It is a similar situation for the deprotection reactions. 
Debenzylation by hydrogenation and deisopropylidation using AcOH(aq) are, in all cases, 
carried out prior to removal of the acetates groups with either K2CO3(aq) or 
NaOMe/MeOH (Fig. 5.4) (Toyoda-Ono et al., 2004; Li et al., 2009; Shimamoto et al., 





Fig. 5.4. Ascorbyl glycosides synthesised using a brominated glycosyl-donor, glucose used 
for illustrative purposes actual sugars used listed here. A) Synthesis of AA3βG, where the 
sugar may be any of lactose, isomaltose, gentibiose, mellibioise, cellobiose, chitobiose, 
maltose or N-acetamido lactose. i. K2CO3, TEBAC. Acetone. ii. AcOH(aq). iii. K2CO3, H+ resin 
(Li et al., 2009). B) Synthesis of AA3βGlc. i. K2CO3, DMF. ii. AcOH(aq). iii. NaOMe, MeOH, H+ 
resin (Ma et al., 2017). C) Synthesis of AA2βGlc and AA2βGal. i. BnBr, K2CO3 DMSO. ii. 
K2CO3, TBAB, DCM. iii. AcOH(aq). vi. H2, Pd-C. v. NaOMe, MeOH, H+ resin (Ma et al., 2017).  
The glycosylation using a glycosyl bromide donor has been successfully applied with a 
large number of sugars and is published by independent research groups (Li et al., 
2009; Ma et al., 2017). This method is clearly superior to the original approach of 
Toyoda-Ono et al., but still only provides access to the 2- and 3-O-β-glycosides. There is 
currently no published methodology, to the best of my knowledge, for the chemical 
synthesis of a 5- or 6-O-glycoside or to any α-glycoside of ascorbate. The literature on 
ascorbyl glycosides is lacking authoritative characterisation of these compounds. In 
many cases only 1H NMR and MS spectra are provided, and in some cases no 2D NMR 
data is published despite the molecule in question being previously unreported 




5.1.3. Aims and objectives 
The aim of the synthetic work presented in this chapter was to develop an effective 
synthesis of ascorbyl glycosides. This work was undertaken to aid the isolation, 
identification and further study of ascorbyl glycosides in plants. As demonstrated by the 
work presented in the preceding chapters, having access to a source of pure ascorbyl 
glycosides was fundamental to this research project. More specifically the ability to test 
extraction and derivatisation methodology, conduct enzyme assays, and have 
appropriate standards for quantitative analyses was made possible due to the 
successful synthesis of these metabolites. I herein report the preparation of several 2-β-
ascorbyl glycosides and methodology towards the production of both 5- and 6-β-
glycosides. A large portion of this research was conducted prior to the reported 
syntheses of Ma et al., and its impact substantially lessened by that publication (Ma et 




5.2. Results and discussion 
This chapter details two alternative routes for the chemical synthesis of 2-β-glycosides 
of ascorbic acid, specifically the glucoside and galactoside. The characterisation and 
stability of these molecules is addressed and the first chemical synthesis of an AA6G is 
also reported. Throughout this chapter galactosides are given the same compound 
number as the equivalent glucoside, but followed by an ‘a’. For example AA2βGlc (8), 
and AA2βGal (8a). 
5.2.1 Synthesis of 2-O-β-D-glycosides of ascorbic acid 
Initial efforts to synthesise a AA2βGlc (8) and -Gal (8a) were modelled on the approach 
of Toyoda-Ono et al., but with the intent of utilising alternative glycosylation 
methodology (Toyoda-Ono et al., 2004). When selecting an appropriate strategy for the 
chemical synthesis of a glycoside it is important to consider the type of linkage that is 
required and how this will be formed. In this situation a β-glycosidic linkage at O-2 of 
ascorbic acid was required. The following reactions were chosen to facilitate this bond 
formation in both a regioselective and stereoselective manner. 
Synthesis of Ascorbic Acid Acceptor 4 
Preparation of the ascorbic acid acceptor 4 required protection of the 3- ,5- , and 6-
hydroxyl groups, thus ensuring subsequent glycosylation could only occur at 2-OH. This 
was achieved using literature methods in 2 steps from commercially available ascorbate 
with an overall yield of 65% (Fig. 5.5) (Toyoda-Ono et al., 2004; Arayachukiat et al., 
2017). 
 
Fig. 5.5. Synthesis of ascorbate acceptor 4. i. Acetone, acetyl chloride, overnight, rt, 




The 5,6-diol of ascorbate was protected by formation of an isopropylidene acetal. This 
was facilitated using acetone and a catalytic amount of acetyl-chloride to give the 
acetonide 3 in a quantitative yield. The 3-OH group was then selectively benzylated 
using conditions described by Toyoda-Ono et al., but was found to be low yielding 
(39%)(Toyoda-Ono et al., 2004). The selectivity of this reaction is dependent on the 
difference in acidity between the 2- and 3-OH groups, as demonstrated by their pKa 
values of 11.6 and 4.2 respectively. Under the basic reaction conditions the 3-OH group 
more readily forms the nucleophilic enolate which will react favourably with benzyl 
bromide. Despite the inherent preference for the 3-OH group the 2,3-dibenzyl derivative 
28 was still formed as a by-product in the reaction mixture. By carefully controlling the 
stoichiometry of the reaction, particularly the amount of benzyl bromide, as well the 
reaction time, it was possible to increase this yield to 65%. 
Synthesis of Glycosyl Donors 13, and 19 
Given the lack of detail provided by Toyoda-Ono et al. regarding the glycosylation 
reaction, several different glycosyl donors were synthesised (Toyoda-Ono et al., 2004). 
This was to allow for different glycosylation methods to be tested and the most 
promising methodology to be taken forward. 
Firstly 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl trichloroacetimidate (19) was 
prepared using established methods over three steps with a yield of 74% from 
commercially available α-D-glucose (Fig. 5.6)(Cheng et al., 2005). Global acetylation 
using pyridine and acetic anhydride gave the per-acetylated sugar 17, in a quantitative 
yield. The anomeric acetate was removed by treatment with ammonia to give the tetra-
acetate 18 which was subsequently converted into trichloroacetimidate (TCA) 19 by 
reaction with trichloroacetonitrile and a catalytic amount of NaH. Both HRMS and NMR 






Fig. 5.6. Synthesis of glycosyl donors 13, 13a, and 19. i. Ac2O, pyridine, rt, overnight, 
quantitative yield. ii. NH3, THF: MeOH (7:3), 0 °C, 88% yield. iii. HBr (33% in AcOH), 
anhyd. DCM, rt, 94% yield. iv. Trichloroacetonitrile, NaH, anhyd. DCM, 0 °C, 2 hrs. 
The second glycosyl donor chosen was 2-,3-,4-,6-tetra-O-acetyl-α-D-glucopyranosyl 
bromide (13), which was again produced following established procedures (Fig. 5.5). 
Per-acetylated glucose (17) was prepared as described previously and then exposed to 
HBr in acetic acid to give the bromide 13 in 94% yield. Both HRMS and NMR data were 
consistent with those reported in the literature for this compound (Lee et al., 2016). 
Synthesis of glycosides 6 and 6a 
The first glycosylation strategy to be used was with the TCA donor (19). This is a well-
established method for the formation of glycosidic bonds, particularly 1,2-trans-β-
linkages (Cheng et al., 2005). While it is clear that the regioselectivity of this 
glycosylation is controlled by protecting groups, the reason for its stereoselectivity is 
not immediately obvious. In many glycosylation reactions, including the TCA 
methodology, a promoter is used to facilitate formation of an oxocarbenium ion 
intermediate, which then reacts with a nucleophile to give the product (Fig. 5.7). To 
ensure that only the desired anomer is formed one face of the oxocarbenium ion must 
be blocked. This is commonly achieved by the inclusion of a participating group, such as 




coordination to the oxocarbenion ion and therefore facilitates selective formation of the 
β-glycoside (Fig. 5.7). 
 
Fig. 5.7. Stereoselective glycosylation can be achieved by utilising a participating group, 
such as an acetate, in the 2 position of the glycosyl donor (LG = leaving group). 
The TCA donor 19 was reacted with ascorbic acid acceptor 4 using TMS-triflate as a 
promotor. Unfortunately this procedure resulted in a complex mixture of products, 
none of which was identified as the desired glycoside. Despite several attempts this 
approach failed to yield any promising results and was subsequently abandoned. 
Surprisingly a patent by Shimamoto et al. claims this approach was successful for both 
glucose and galactose TCA donors in the synthesis of ascorbyl-2β-glycosides 
(Shimamoto et al., 2016). However, a subsequent publication by Ma et al. reported 
problems with this method and suggested the original work by Toyoda-Ono et al. also 
encountered similar issues when applying TCA methodology to ascorbyl glycosides (Ma 
et al., 2017). 
Having confirmed that TCA donor 19 was not a viable option, focus shifted to the 
glycosyl bromide donor 13. By sonicating this donor and ascorbic acid acceptor 4 in the 
presence of silver oxide it was hoped that the desired glycoside would form. In this 
reaction the bromide is removed due to its strong affinity for the silver which acts as a 
promotor. This facilitates formation of the oxocarbenium ion intermediate and 
subsequent nucleophilic attack gives the β-glycoside. These reaction conditions were 
chosen because they were successfully utilised for phenolic glycosylations and the 2-OH 
group of ascorbic acid acceptor 4 is ‘phenol-like’. However, this was not the case as no 





Fig. 5.8. Possible mechanisms for the glycosylation between a glycosyl bromide and 
ascorbate derivative 4. A) Spontaneous formation of the oxocarbenium ion followed by 
coordination of the α-face by the 2-O-acetyl group and subsequent nucleophilic attack to 
give the β-glycoside, B) Attack of Br- gives the higher energy β-bromide which is 
subsequently lost as the 2-O-acetyl group coordinates the α-face and leaves the β-face 
available for the ascorbate nucleophile to attack, C) Direct attack by the ascorbate 
nucleophile at the anomeric carbon to give the β-glycoside via a simple SN2 reaction. 
While the intended use of the glycosyl bromide donor 13 was unsuccessful, more 
promising results were achieved under different reaction conditions (Fig. 5.9). This 
involved implementing a phase transfer catalysed glycosylation based on the 
methodology described by Kleine et al. (Kleine et al., 1985). In this reaction an aqueous 
phase containing sodium hydroxide allows for the formation of the acceptor anion 
which then reacts with the glycosyl donor in the organic phase. This reaction is 
mediated by a phase transfer catalyst such as TBAB and gives the β-glycoside as the 
major product. The exact mechanism by which this reaction proceeds is not known and 
several possibilities exist (Fig 5.8). The first is via an oxocarbenium ion intermediate as 
previously described for the TCA and silver oxide methodologies. This would explain 
the β-selectivity, but the lack of a suitable promoter means this particular mechanism is 
unlikely. A second explanation is that the β-anomer of the glycosyl bromide is formed 
via an SN2 reaction with a bromide ion from the catalyst (Fig. 5.8). This β-bromide is of 
higher energy than its α equivalent, due to the anomeric effect, and may therefore be 
displaced by coordination of the 2-O-acetyl group. Nucleophilic attack of this acyl-




proceed via an SN2 mechanism in which the ascorbate nucleophile attacks the anomeric 
carbon from the β-face causing the bromide to leave (Fig 5.8).  
 
Fig. 5.9. Glycosylation of aceto-bromo-glycosyl donors 13 and 13a with the ascorbic acid 
acceptor 4. i. NaOH(aq), TBAB, CHCl3, 50 °C, 1 hr, 45% (Glc) and 61% (Gal) yields. 
Application of the phase transfer methodology to donor 13 and acceptor 4 gave the 
desired glucoside in a moderate yield of 45% (Fig. 5.9). Synthesis of the equivalent 
galactose donor 13a was achieved in an identical manner to the glucose based donor 13 
(Fig. 5.6.). This donor was then used to form the galactoside 13a in a yield of 61%. The 
lower yield of the glucoside is consistent with the results of Kleine et al. who suggested 
that β-elimination, and subsequent loss of donor, occurred more readily for glucose 
donors than galactose donors (Kleine et al., 1985). The elimination of HBr is initiated by 
base removal of 2-H and results in formation of alkene 20/20a, the presence of which 
was indicated by 1H NMR (Fig. 5.10.). This process is less prevalent in the galactosyl 
bromide 13a due to the axial orientation of the 4-O-acetyl group which adds steric bulk 
to the β-face of the sugar and therefore prevents access to the 2-H. Both glucoside 6, and 
galactoside 6a were fully characterised by 2D NMR and HRMS. 
 
Fig. 5.10. β-elimination of the glycosyl bromide. This process occurs more readily in the glucose 
derivative than galactose due to the difference in orientation of the 4-O-acetyl which influences the 




Mass spectral analysis of protected ascorbyl glucoside 6 found an ion of m/z 659.1939. 
This is consistent with the calculated mass for the sodiated molecular ion [M + Na]+ of 
m/z 659.1946, and also in agreement with the data reported by Ma et al. (Ma et al., 
2017). NMR spectra for 6 were also consistent with the proposed structure. Resonances 
belonging to the protecting groups were the most easily assigned. Four methyl signals 
were observed at 1.96-2.10 ppm indicating the expected number of acetyl groups were 
present. Two additional methyl signals upfield of the acetates, 1.32 and 1.35 ppm, 
confirmed that the 5,6-isopropylidene had remained intact. Lastly the 3-OBn group was 
identified by a set of 5 aromatic protons (7.3-7.4 ppm) and characteristic benzylic 
doublets (5.39 and 5.54 ppm) with J = 11.8 Hz.  
While the presence and ratio of these signals was a strong indication that the donor and 
acceptor had successfully been linked, the nature of the linkage must also be deduced. 
This was elucidated by examining the coupling constant of the anomeric proton signal. 
A 3J1,2 of approximately 8 Hz is indicative of trans-diaxial coupling and therefore the 
desired β-anomer. Conversely, a 3J1,2 of 1-3 Hz arises from an equatorial-axial coupling 
typical of an α-anomer. Although the anomeric proton signal was obscured by a benzylic 
doublet, but it was still possible to interpret 3J1,2 which was found to be 8.0 Hz. This 
observation combined with the fact that only one set of signals was observed, confirms 
that only the β-anomer was formed in this reaction. While coupling constants can 
provide information on the stereoselectivity of the reaction it was necessary to examine 
2D NMR spectra to provide evidence that the regioselectivity was also as anticipated. A 
key HMBC correlation between the anomeric proton and C2 was critical in proving that 





Fig. 5.11. The HMBC correlation between C2 and 1’-H in both 6 and 6a was crucial to 
proving that the glycosides were in fact linked through O-2 of ascorbate. Image shown is 
for glycoside 6. 
The equivalent galactoside 6a was characterised in the same manner. Its HRMS value of 
m/z 659.1976 was consistent with the calculated value for [M + Na]+ and NMR spectra 
were found to be very similar to that of the glucoside 6. Signals associated with the 
ascorbate portion of the galactoside 6a, namely the 4-H doublet and 5-H triple doublet, 
were seen at virtually identical chemical shifts to the glucoside. The same can be said for 
the 13C resonances of C1-6, which were all within 0.1 ppm of their equivalent signal in 
the glucoside. The only discernible differences in spectra were, as expected, associated 
with the sugar moiety. The axial position of the 4’-OAc group in the galactoside puts 
protons 3’, 4’, and 5’ in equatorial-axial relationships, thus explaining the lower coupling 
constants in comparison to glucose. 
The NMR data collected on these key intermediates are consistent with both the 
expected structures (6 and 6a, Fig 5.9) and data presented in a subsequent publication 
by Ma et al. (Ma et al., 2017). However, it should be noted that that publication did not 





Deprotection of glycoside 6 and 6a 
The removal of protecting groups from glucoside 6 proved more difficult than initially 
anticipated. The first approach was to remove the isopropylidene with MeOH and TFA, 
deacetylate with methoxide, and then hydrogenolyse the 3-O-benzyl group to yield the 
final product (Fig. 5.12). While the isopropylidene removal was successful, it was also 
low yielding. This was because of the equilibrium nature of the reaction which meant it 
would not proceed to completion and gave only 58% yield. Treatment of the resulting 
diol 21 with methoxide resulted in breakdown of the glucoside and no deacetylated 
product 22 was observed. To combat this issue a milder deacetylation strategy was 
employed utilising IRA 400 OH- resin. Although initially it appeared this would also 
degrade the glucoside, a small amount of the deacetylated product was eventually 
obtained in a 27% yield. This material was subjected to palladium catalysed 
hydrogenolysis to remove the 3-OBn group and afford the final product 8. The 
galactoside was treated in the same manner in parallel with the glucoside and gave 
similarly poor results (Fig. 5.12). While both the 2-β-glucoside 8 and galactoside 8a 







Fig. 5.12. Initial approach to the deprotection of 6 and 6a to produce ascorbyl glycosides 
8 and 8a. i. TFA, MeOH, 40 °C, 12 hrs, 53% (Glc) and 58% (Gal) yields. ii. IRA 400 (OH-) 
resin, MeOH, rt, 60 hrs, 27% (Glc) and 21% (Gal) yields. iii. H2/Pd-C, MeOH, rt, 2 hrs, 74% 
(Glc) and 64% (Gal) yields. 
Given the low yields and unreliable nature of the isopropylidene removal and 
deacetylation, these steps were reassessed. The first improvement was made by 
replacing TFA with conc. HCl in the isopropylidene removal, accompanied by the 
addition of heating to 40 °C (Fig 5.14). This allowed for a much shorter reaction time (40 
min vs. overnight) and a marked improvement in yield (77% vs. 53%) as the harsher 
conditions drove the reaction to completion. 
 
Fig. 5.13. Removal of the 3-OBn group allows for the above resonance structures to exist. 
This delocalisation of electron density stabilises the ascorbate lactone by discouraging 




The fragile nature of the deacetylation was thought to be due to base attack on the 
ascorbate portion of the molecule leading to breakdown. Methoxide is a strongly 
nucleophilic species that attacks the carbonyl carbon of acetyl groups to facilitate their 
removal. It is therefore likely that methoxide will also attack the carbonyl carbon of the 
ascorbate lactone (C1), leading to ring opening and subsequent degradation. It was 
proposed that removing the 3-OBn group prior to deacetylation would provide stability 
to C1 through resonance stabilisation (Fig. 5.13). To test this theory the hydrogenolysis 
was carried out after the isopropylidene removal and then the acetates removed last 
(Fig. 5.14). By adopting this order of deprotection it was possible to prevent the 
breakdown of the glycoside during deacetylation. It also allowed for the use of 
methoxide to remove the acetyl groups leading to a significant improvement in both 
reaction time and yield (Fig. 5.14). The structures of all intermediates were confirmed 
by HRMS, 1H and 13C NMR. A full characterisation of the final products 8 and 8a, and 
explanation of NMR spectra, can be found in the following pages. 
 
Fig. 5.14. Improved deprotection strategy to access ascorbyl glycosides 8 and 8a. i. Conc. 
HCl(aq), MeOH, 40 °C, 45 min, 71% (Glc) and 77% (Gal) yields. ii. H2/Pd-C, MeOH, rt, 3 hrs, 





This approach provides simple and reliable methodology for the chemical synthesis of 
ascorbyl-2β-glycosides. The only weak point of this particular synthetic route is the 
susceptibility of the glucose donor to β-elimination during glycosylation. At the time of 
completion this synthesis was unreported. However, prior to the submission of this 
thesis a virtually identical method to that described above was published by Ma et al. 
(Ma et al., 2017). They reported the same difficulties with TCA and also moved to 
reaction system using a glycosyl bromide under phase transfer conditions with base. 
The only point of difference was in their selection of base, they utilised K2CO3 as 
opposed to NaOH.  
Alternative protection strategy 
An alternative approach to the synthesis of ascorbyl-2β-glycosides was also developed 
alongside the previously described methods. This approach utilised benzyl protecting 
groups on the glycosyl donor and has not been reported by Ma et al. or any other author 
to the best of my knowledge (Ma et al., 2017). The development of this method was 
stimulated by the initial trouble with removal of acetyl protecting groups and the 
comparative ease with which the 3-OBn group was hydrogenolysed. However, it is not 
as simple as replacing all acetates for benzyls due to the fact that benzyl protecting 
groups are non-participating. Without a participating group in the 2 position of the 
glycosyl donor the stereoselectivity of the reaction is lost and a mixture of α- and β-
anomers would be obtained (Fig. 5.7). To avoid this situation and maintain the 
stereoselectivity of the glycosylation a single acetate was to be incorporated into the 
glycosyl donor. This required 2-O-acetyl-3-,4-,6-tri-O-benzyl-α-D-glucopyranosyl 
bromide (26), and the galactose equivalent (26a) to be used as the glycosyl donors (Fig. 
5.15). 
Synthesis of benzylated donors 26 and 26a 
To access the desired glycosyl donors it was necessary to protect the 1 and 2 positions 
of the sugar so that the 3, 4 and 6 positions could be selectively benzylated. This was 
achieved by using a 1,2-methyl orthoester as a key intermediate (Fig. 5.15). To prepare 
this compound glycosyl bromides 13 and 13a were prepared as previously described 
and then treated with sym-collidine and TBAB in methanol to afford orthoesters 23 and 




afforded the tribenzyl orthoesters 25 and 25a. These steps were carried out using 
established literature procedures. After purification the tribenzyl orthoester was 
produced in yields of 81% for glucose (25) and 75% for galactose (25a). 
After trialling several different reaction conditions conversion to glycosyl bromides 26 
and 26a was achieved using conditions adapted from Aloui et al. (Aloui et al., 2002). 
Subjecting the tribenzyl orthoester 25 to HBr in acetic acid under anhydrous conditions 
for 3 minutes gave the desired bromide with acetyl protection at O-2 (92% yield) (Fig. 
5.15). Bromide 26 was unstable on silica and therefore used without purification. The 
synthesis of the galactosyl bromide 26a was also achieved using this method. 
 
Fig. 5.15. Synthetic route to tribenzyl-2-aceto-glycosyl-donors 26 and 26a. i. Sym-
Collidine, TBAB, MeOH, 45 ᵒC to rt, overnight. ii. MeONa, MeOH, rt, overnight. iii. NaH, 
BnBr, DMF, 0 ᵒC to rt, overnight, 81% (Glc) and 75% (Gal) yields over 3 steps. iv. HBr (33% 
in AcOH), anhyd. DCM, molecular sieves, 0 ᵒC, 4 min, 92% (Glc) and 95% (Gal) yields. 
Glycosylation of donors 26 and 26a with acceptor 4 
Donors 26 and 26a were glycosylated with ascorbic acid acceptor 4 in the same manner 
as the acetylated donors (Fig. 5.16). While reaction conditions were unchanged a slight 
improvement in yield was observed for both the galactoside 27a (71%) and glucoside 
27 (52%). However, the glucoside yield was still the lower of the two indicating that β-





Fig. 5.16. Glycosylation of tribenzyl-2-acetyl-glycosyl bromide donors 26 and 26a with 
ascorbic acid derivative 4. i. NaOH(aq), TBAB, CHCl3, 50 °C, 90 min, 52% (Glc) and 71% 
(Gal) yields. 
These protected glycosides are a previously unreported structures and as such a more 
in depth characterisation was warranted. HRMS of the glucoside 27 gave an ion of m/z 
803.3012 which was consistent with the calculated value of m/z 803.3038 for the 
sodiated molecular ion [M + Na]+. Identification of protecting group signals in the NMR 
spectra and their subsequent assignment was also straight forward and consistent with 
the proposed structure. The four pairs of benzylic doublets were easily identified by 
their characteristic 2J value of 11-12 Hz in the 1H NMR spectrum. Alongside the large 
multiplet at 7.27 ppm these signals confirmed the benzyl protecting groups were still in 
place. The 5,6-isopropylidene group was represented by two upfield 3H singlets, at 1.34 
and 1.38 ppm, corresponding to its two methyl groups. A third methyl signal was 
observed at 2.06 ppm indicating the presence of the 2’-O-acetyl group.  
The characteristic 4-H and 5-H proton signals of the ascorbate moiety were observed as 
a familiar doublet and triple doublet respectively. 13C NMR resonances at 168, 118 and 
159 ppm were assigned to C1, 2 and 3 due to their characteristic downfield shift relative 
to other parts of the molecule. These assignments confirmed the ascorbate lactone 
remained intact. The anomeric carbon was similarly detached from the more crowded 
region of the spectrum (99.3 ppm) and its assignment allowed for identification of the 
1’-H resonance by HSQC. The anomeric proton signal was subsequently found to have a 
3J1,2 value of 8.1 Hz, thus confirming only the β-anomer had formed. Overlap of the 
remaining proton signals of the sugar complicated their identification, but enough 
coupling information could be obtained for a full assignment. 
The data recorded for the galactoside were very similar to those of the glucoside and 




was consistent with the calculated value for [M + Na]+ and NMR resonances were 
closely correlated with the equivalent glucoside signal. The anomeric proton was 
observed at almost identical chemical shift to the glucoside (5.18 vs. 5.16 ppm) and the 
3J1,2 of 7.9 Hz was consistent with formation of the β-glycoside. The remaining signals 
were consistent with the structure of 27.  
Deprotection of glycosides 27 and 27a 
The deprotection of this glycoside was achieved using methods established in the 
previously described synthesis of the glycosides 8 and 8a (Fig. 5.14). First the 
isopropylidene group was removed with conc. HCl in methanol, which was followed by 
hydrogenolysis of all four benzyl-groups. The single remaining acetate was removed 
using methoxide in methanol. These steps yielded the 2-O-β-D-glycosides of ascorbic 
acid (8 and 8a) with overall yields of 20% (Glc) and 29% (Gal) over six steps from 
commercially available ascorbic acid. While the overall yield from ascorbic acid for this 
approach was greater than the previous method, it should be noted that synthesis of the 
glycosyl donor was much more involved than the previous approach. All data recorded 
on these glycosides were consistent with those obtained in the previous syntheses of 8 
and 8a, the characterisation of which is discussed in the following section. 
Characterisation of ascorbyl-2-β-D-glycosides 8 and 8a 
The characterisation of ascorbyl glucoside 8 was achieved using both HRMS and NMR 
spectroscopy. Mass spectra of 8 consistently gave an ion within 3 mDA of the calculated 
value for [M-H]-, irrespective of synthetic route, indicating the molecular formula of the 
product was consistent with the expected glucoside 8. 1H, 13C and 2D NMR spectra were 
also collected, but these data were far less easily interpreted (Table 5.1). When 
protecting groups were present resonances were separated and well resolved, but once 
these groups were removed the signals clumped together with significant overlap. This 
was exemplified by the fact that all protons of the sugar, except for the anomeric signal, 
were observed as overlapping multiplets (Table 5.1). Despite this significant hurdle it 
was possible to deduce several structural features and provide evidence for their 
assignment.  
The downfield 13C resonances at 175, 120 and 166 ppm were identified as C1, 2, and 3 




intermediates (Toyoda-Ono et al., 2004; Shimamoto et al., 2016; Ma et al., 2017). All 
three of these signals showed an HMBC correlation to a single proton doublet, J = 1.7 Hz, 
at 5.02 ppm which was identified as 4-H. The only other well resolved proton resonance 
in the spectrum was observed at 4.93 ppm. This signal was assigned as the anomeric 
proton due to an HSQC correlation with a 13C resonance at 104.7 ppm. The 3J1,2 of 7.5 Hz 
provided further proof that this was an anomeric proton signal belonging to a β-
glycoside (Fig. 5.17). Examination of the HMBC spectrum revealed a correlation 
between 1’-H and C2 of the ascorbate lactone indicating a 2-glycoside. The remaining 
sections of the NMR spectra were not able to be conclusively assigned due to 
overlapping and unresolved resonances. However, the number of proton signals, the 
region in which they were observed, and the number of methine vs. methylene signals, 
were all in agreement with the expected structure 8. 
 
Fig. 5.17. The anomeric 1H NMR signal is the typical doublet (J = 7.5 Hz) for glucoside 8, 
but is observed as a double doublet (J = 4.5 and 3.2 Hz) for galactoside 8a due to virtual 
coupling. 
The galactoside 8a also exhibited many overlapped proton signals, exemplified by the 
7H multiplet observed at 3.67-3.82 ppm. The data were interpreted in a similar fashion 
to the glucoside and were in agreement with the assigned structure. However, there 
was one unexpected difference in the proton spectrum of galactoside 8a. While the 
anomeric proton of glucoside 8 was observed as a doublet with 3J1,2 = 7.8 Hz, the 
equivalent resonance in the galactoside exhibited very different coupling. This signal 
was observed as a double doublet, with 3J1,2 = 4.5 and 3.2 Hz (Fig. 5.17). Given there 
were no other anomeric candidates in the 1H NMR spectrum it was concluded that the 
unusual splitting pattern may be a result of virtual coupling (Dahmen et al., 1984). This 




and additional splitting occurs. Virtual coupling typically manifests when an isolated 
proton signal couples to another group of protons which are strongly coupled to each 
other, in this case the protons on the sugar. It has been previously demonstrated that 
anomeric protons of β-galactosides may display this unusual splitting pattern, but it was 
not reported or described by Ma et al. in their synthesis of β-galactoside 8a (Dahmen et 
al., 1984; Ma et al., 2017).  
While the NMR data is by no means conclusive on its own, it does agree with the 
expected structures and is backed up by other results. Firstly, the intermediates 
produced throughout the synthesis were all characterised and were consistent with an 
ascorbyl-2-β-glycoside. This can be said for both synthetic routes which resulted in the 
same compound. Additionally, the definitive characterisation of the acetylated 
glycosides provides conclusive evidence of their respective structures (Chapter 2). 
Table 5.1: NMR Data for Ascorbyl Glycosides 8 and 8a (400 MHz, CD3OD) 
 AA2βGlc (8) AA2βGal (8a) 
C# 13C 1H (HSQC) HMBC 13C 1H (HSQC) HMBC 
Ascorbate moiety 
1 174.9 - 4 176.0 - 4 
2 120.6 - 4, 1’ 120.0 - 4, 1’ 
3 165.9 - 4 169.2 - 4, 5 
4 78.8 5.02 (1H, d, J = 1.7 Hz) 5, 6 79.4 4.92 (1H, d, J = 1.8 Hz) 5, 6 
5 71.5 4.10 (1H, td, J = 6.7, 1.7 Hz) 6 71.6 4.09 (1H, td, J = 6.6, 1.8 Hz) 6 
6 64.5 3.76 (2H, d, J = 6.6 Hz)* 4, 5 64.6 3.67-3.82 (7H, m) 4, 5 
Sugar unit 
1’ 104.7 4.93 (1H, d, J = 7.8 Hz) Sugar 105.5 4.84 (1H, dd, J = 4.5, 3.2 Hz) Sugar 
2’ 78.9 3.45-3.50 (3H, m) 1’, 6’ 78.2 3.67-3.82 (7H, m) Sugar 
3’ 78.0 3.52-3.56 (1H, m) 1’, Sugar 75.0 3.67-3.82 (7H, m) 1’, Sugar 
4’ 75.4 3.45-3.50 (3H, m) Sugar 73.3 3.67-3.82 (7H, m) Sugar 
5’ 71.7 3.45-3.50 (3H, m) 6’, Sugar 71.0 3.95 (1H, d, J = 2.1 Hz) Sugar 
6’ 62.9 3.88 (1H, m) 
3.73-3.77 (1H, m)* 
Sugar 63.4 3.67-3.82 (7H, m) Sugar 
*Overlapping 1H signal. NOTE: protons 2’, 3’, 4’, 5’ (and 6’ for Gal) were indistinguishable in both glycosides 
and therefore correlations to these protons are referred to as ‘sugar’. 
pH dependency of 1H NMR spectra for ascorbyl glycosides 
Surprisingly the initial 1H NMR spectra recorded on the ascorbyl glycosides displayed a 
large degree of variation. Repeated syntheses of the same compound gave spectra that 
were not consistent with each other or the literature (Toyoda-Ono et al., 2004; 




signals were observed at a variety of chemical shifts (Fig. 5.18). This phenomenon was 
investigated more thoroughly after multiple syntheses of glycoside 8 gave differing 
proton NMR spectra, but correct MS spectra and identical HPLC retention times. Firstly, 
two samples of 8 with differing NMR spectra were combined and reanalysed. This 
resulted in one set of signals and led to the hypothesis that the observed changes were 
due to pH as opposed to structural differences.  
 
Fig. 5.18. 1H NMR spectra of ascorbyl glucoside 8 demonstrating the effect of pH on 
proton resonances 1’-H and 4-H. Top: addition of NaOH; Middle: Nothing added; Bottom: 
addition of HCl. 
To test the hypothesis that the 1H NMR spectra of 8 was altered by pH three solutions of 
the glycoside were prepared in D2O. HCl was added to one sample, NaOH to another, 
and nothing to the third. The solutions were then analysed by NMR and the spectra 
compared (Fig. 5.18). It is clear from this experiment that the 1H NMR spectrum of 8 is 
highly dependent on pH, especially the 1’-H and 4-H signals. This variation in chemical 
shift can be explained by the degree to which the glycoside is protonated. Under 




therefore electron density is shifted to accommodate the positive charge of the 
additional protons (Fig. 5.19). This leaves existing protons, such as 1’-H and 4-H, slightly 
deshielded and thus results in a downfield shift. Conversely under basic conditions the 
deprotonated species will be most abundant leaving maximum electron density 
available to shield existing protons and move them upfield (Fig. 5.19). Since 1- and 3-O 
are the most easily protonated or deprotonated groups, the 1’H and 4-H protons are the 
most significantly influenced. 
 
Fig. 5.19. Equilibria between protonated and deprotonated species of an ascorbyl-2β-
glycoside. The relative abundance of these species is thought to be responsible for the 





5.2.2 Synthesis of 6-O-β-D-glucopyranosyl-L-ascorbic acid 
Unlike the 2- and 3-O-glycosides of ascorbic acid, for which there are several reported 
chemical syntheses, the 5- and 6-O-glycosides have only been produced via enzymatic 
methods (Toyoda-Ono et al., 2004; Lee et al., 2014; Ma et al., 2016). In most cases these 
glycosides are unwanted byproducts identified in reactions designed to yield the more 
stable 2-O-glycosides (Toyada-Ono et al., 2005; Hancock et al., 2008). Synthesis of 
AA6βGlc in the context of this thesis was of interest due to its occurrence in Cucurbits 
(zucchini), and hence its relevance to work presented in the preceding chapters 
(Hancock et al., 2008).  
While some methods developed in the synthesis of AA2βGlc (8) and AA2βGal (8a) may 
be utilised in the synthesis of AA6βGlc, different methodology must also be employed. 
Specifically the formation of the glycosidic linkage, since the 6-OH group is a primary 
alcohol unlike the 2-OH group which is phenolic and significantly more acidic. Having 
already encountered difficulties using TCA methodology with ascorbic acid, a different 
approach towards the glycosylation was warranted.  
Synthesis of ascorbic acid acceptor 29 
Preparation of ascorbic acid acceptor 29 required selective protection of the 2- and 3-
OH groups (Fig. 5.20). This was achieved by modification of the methods developed in 
the previously described syntheses and allowed for ascorbic acid acceptor 29 to be 
produced in 3 steps from commercially available L-ascorbic acid with an overall yield of 
61%. 
 
Fig. 5.20. Synthesis of ascorbic acid acceptor 29. i. Acetone, acetyl chloride, overnight, rt, 
quantitative yield. ii. Benzyl bromide, K2CO3, DMSO, 50 °C, overnight, 88% yield. iii. Conc. 




The 5,6-diol of ascorbic acid was protected by formation of an isopropylidene acetal 
following the same method as for the synthesis of mono-benzyl acceptor 4 (Fig. 5.5). 
The benzylation also utilised a similar procedure as the synthesis of acceptor 4, but in 
this case there was no need for selectivity. An increase in reaction time combined with 
an excess of both base and benzyl bromide gave dibenzyl ascorbate derivative 29 in 
88% yield. Removal of the isopropylidene group to reveal the 5- and 6-OH groups was 
achieved with conc. HCl and methanol in a manner analogous to the deprotection of 
glycosides 6 and 6a. Additional protection to mask the 5-OH group was not thought to 
be necessary given the relative reactivity of the primary 6-OH group compared to the 
secondary 5-OH group. 
Synthesis of glycosyl donor 32 
The chosen glycosyl-donor for preparation of AA6βGlc was thiophenyl glucoside 32. 
Given the initial difficulties experienced with the removal of acetates from the protected 
2-glycosides 6 and 6a (See section 5.2.1) it was decided that benzyl protecting groups 
would be used as they could be readily hydrogenolysed. Global acetylation of D-glucose 
(16) was carried out under the conditions described previously (Fig. 5.6 & 5.21). This 
was followed by a boron trifluoride diethyl etherate mediated glycosylation with 
thiophenol which gave the corresponding thiophenyl derivative 30 in a 68% yield. 
Deacetylation with methoxide, and subsequent benzylation with benzyl bromide and 
sodium hydride, gave the desired thiophenyl glucoside 32 in 48% yield over four steps 
(Fig. 5.21). NMR and HRMS data recorded for this compound were in agreement with 






Fig. 5.21. Synthesis of glycosyl donor 32. i. Ac2O, pyridine, rt, overnight, quantitative yield. 
ii. Thiophenol, BF3.Et2O, anhyd. DCM, 0 °C to rt, overnight, 68% yield. iii. MeONa, MeOH, 0 
°C to rt, overnight. iv. NaH, BnBr, DMF, 0 ᵒC to rt, overnight, 48% yield over 4 steps. 
Glycosylation of donor 32 with acceptor 29 
In order to facilitate the glycosylation between thioglucoside 32 and the 6-OH group of 
ascorbate acceptor 29 a promotor was required. By addition of NIS (N-iodosuccinimide) 
and a catalytic amount of triflic acid, I+ ions are generated in situ which coordinate to 
the sulfur atom (Fig. 5.22). This makes the thiophenyl moiety a good leaving group thus 
facilitating formation of the oxocarbenium ion which reacts readily with primary 
alcohols such as the 6-OH group of acceptor 29 (Fig. 5.22). In addition to their ease of 
removal the use of benzyl protecting groups was beneficial due to their electronic 
properties. Unlike acetyl protecting groups the benzyl ethers can donate electron 
density towards the ring oxygen of the sugar and in doing so stabilise the positively 
charged oxocarbenium ion. This lowers the energy of the reactive intermediate and 
therefore makes the overall reaction more favourable. The downside to using benzyl 
protecting groups is that they are non-participating. Without a participating group at O-
2 of the glycosyl donor the glycosylation will not be β-selective and therefore a mixture 
of anomers will be formed (Fig. 5.22). However, should this initial glycosylation be 
successful a related O-2 participating group such as 2-nitro-benzyl or 2-cyano-benzyl 






Fig. 5.22. Mechanism for glycosylation of a thiophenyl glycoside with NIS and triflic acid 
promotor. Since the 2-O-benzyl group is not a participating group the nucleophile may 
attack either face of the oxocarbenium ion intermediate and therefore a mixture of α- and 
β-anomers are formed. 
The glycosylation between thioglycoside donor 32 and ascorbic acid acceptor 29 was 
initiated at -78 °C and proceeded readily as it was allowed to warm slightly (Fig. 5.23). 
Initial purification on silica gel chromatography gave what looked to be a complex 
mixture of products by 1H NMR. However, HRMS analysis of this mixture suggested only 
one major component was present. The peak observed at m/z 901.3543 was consistent 
with the calculated value for the sodiated molecular ion of the desired glycoside 33. 
These results suggested that a mixture of α- and β-anomers was formed due to the lack 
of stereoselectivity. Re-subjecting the mixture of compounds to silica gel 
chromatography allowed for the collection of several fractions which displayed only one 
spot by TLC. These fractions were combined and analysed by HRMS and NMR 
spectroscopy. The HRMS again showed a single peak consistent with the expected 
glycoside, but now the 1H NMR was also indicative of one major product. The anomeric 
proton was identified as a 1H doublet at 4.42 ppm and found to have a 3J1,2 of 8 Hz. The 
remaining signals in both 13C and 1H NMR spectra were consistent with the expected 
structure and therefore provided strong evidence that this compound was the 6-β-
glycoside 33. Unfortunately no 2D NMR data could be collected and therefore 
assignment as the 6- and not the 5-β-glycoside was made purely on the relative 
reactivities of these groups and that this was the major product. The α-anomer, which 
was thought to be present due to a second low intensity anomeric signal in the 13C NMR 






Fig. 5.23. Glycosylation of glycosyl donor 32 and ascorbic acid acceptor 28. i. NIS, triflic 
acid, anhyd. DCM, -78 °C to -50 °C, 5 hrs, 5% yield.  
While the yield of purified benzyl-glycoside 33 was extremely low (5%) this was almost 
solely because of the difficulties associated with the separation of anomers. The fact that 
the α- and β-glycosides were the major products of this reaction demonstrates that the 
methodology is well suited to this reaction. 
Deprotection 
The small amount of semi-pure protected β-glycoside 33 was subjected to 
hydrogenolysis in order to produce 6-β-glucoside 34. As expected the benzyl ethers 
were easily removed in good yield to give the final product (Fig. 5.24). The 1H NMR 
spectrum of this compound was consistent with that of Hancock et al. who reported an 
enzymatic preparation of this compound (Hancock et al., 2008). No 13C NMR data has 
previously been reported for this molecule, but the 13C NMR spectrum was consistent 
with the expected structure based on previous analyses of ascorbyl glycosides. HRMS 
analysis gave a peak of m/z 335.0619 which was 2 Da less than the expected m/z of 
337.0776 for [M – H]-. This result is thought to be due to oxidation of the glycoside, a 
process which is known to occur more readily when O-2 of ascorbate is not substituted.  
 
Fig. 5.24. Hydrogenolysis of the benzylated glycoside 33 to give 6-β-glycoside 34. i. H2/Pd-




Although this method was able to produce the desired 6-β-glycoside of ascorbate it was 
not considered a practical approach. More specifically the separation of anomers was 
extremely low yielding and not reproducible. Incorporation of a participating group at 
O-2 of the glycosyl donor should lead to a stereoselective glycosylation with greatly 
improved yield and ease of purification. 
Synthesis of glycosyl donor 35 
The synthesis of 2-β-glycosides 8 and 8a demonstrated that acetyl groups could be 
removed from ascorbyl glycosides so long as the 3-OH group was deprotected prior to 
their removal. With this in mind, a benzylated thiophenyl glucoside donor containing a 
2-O-acetyl group was chosen to facilitate stereoselective glycosylation at the 6 position 
of ascorbate. This donor (35) was prepared directly from tribenzyl orthoester 25, 
previously used in synthesis of 2-glycosides 8 and 8a (Fig. 5.15), by means of a boron 
trifluoride diethyl etherate mediated glycosylation with thiophenol (Fig. 5.25). This 
approach was successful in generating both the thioglycosidic bond and 2-O-acetyl 




Fig. 5.25. Conversion of tribenzyl-orthoester 25 to glycosyl donor 35. i. Thiophenol, 
BF3.Et2O, anhyd. DCM, 0 °C to rt, overnight, 48% yield.  
Glycosylation of thioglycoside donor 35 and ascorbate acceptor 28. 
The 2-O-acetyl-thioglycoside donor 35 was reacted with dibenzyl ascorbate acceptor 28 
following the same procedure utilised in the non-stereoselective synthesis (Fig. 5.26). 
The reaction was stopped after 3 hrs and the major product isolated by silica gel 





Fig. 5.26. Glycosylation of thioglycoside donor 35 and ascorbate acceptor 29. i. NIS, triflic 
acid, anhyd. DCM, -78 °C to -50 °C, 3 hrs. 
The HRMS spectrum showed a peak at m/z 853.3182 which was consistent with the 
sodiated molecular ion for protected ascorbyl glycoside 36. The effect of the newly 
incorporated 2-O-acetyl group was clear to see in the 1H NMR spectrum which was 
much simpler than that obtained with the tetra-benzyl glycosyl donor 32. Closer 
examination revealed an anomeric doublet at 4.39 ppm with 3J1,2 = 8.0 Hz, thus 
confirming that the major product was the β-anomer. The 2-O-acetyl group was clearly 
identified by the 3H singlet at 1.96 ppm and corresponding 13C NMR resonances at 21.0 
and 169.8 ppm. Similarly, the ten 1H doublets (J = 11-12 Hz) and 25H multiplet at 7.31 
ppm were consistent with the presence of five benzyl protecting groups. 2’-H was 
assigned based on its distinctive downfield shift due to the deshielding effect of the 
attached 2-O-acetyl group. The coupling constants of 9.5 and 8.0 Hz also agreed with 
this assignment. Overlap of signals meant not all resonances associated with the sugar 
could be individually assigned, but all information that could be obtained was consistent 
with the expected structure of glycoside 36. The same could be said for the ascorbate 
portion of the molecule where the characteristic downfield resonances of C1, 2, and 3 
were observed at 169.7, 121.3 and 157.2 ppm respectively. 4- and 5-H were observed at 
4.64 and 4.09 ppm and their splitting patterns were consistent with previous structures. 
An HMBC spectrum for this molecule was not collected therefore the assignment as the 
6-glycoside was based on the fact that the 6-OH group is a primary alcohol and should 
therefore be more reactive than the secondary 5-OH group. Unfortunately a second, low 
intensity, set of signals was observed in both 1H and 13C NMR spectra. Given the 
similarities of these signals to the product it was thought to be a related compound, 
unfortunately additional chromatography steps on this product failed to remove the 
impurity. Given this was the first attempt at the synthesis this material was used in the 




Deprotection of glycoside 36. 
As discovered in developing the synthesis of 2-glycosides 8 and 8a the order in which 
protecting groups are removed is important, particularly when using methoxide to 
remove acetyl groups. This meant that the removal of the five benzyl protecting groups 
would have to precede deacetylation. Application of standard hydrogenolysis conditions 
to the protected glycoside 36 gave the mono-acetate 37 in good yield (Fig. 5.27). HRMS 
analysis suggested only one product had formed and gave a peak at m/z 379.0896 
which was consistent with [M – H]- for the expected mono-acetate 37. Further evidence 
that the reaction was successful was that resonances associated with the benzyl-groups 
were no longer observed in the NMR spectra. Assignment of the major signals in the 1H 
NMR spectrum confirmed the identity of the product. The methyl signal of the 2-O-
acetyl group at 2.04 ppm and the anomeric proton with 3J1,2 = 8.0 Hz at 4.46 ppm were 
key data points. In a similar fashion to the protected glycoside 36 not all signals could 
be assigned due to overlap, but all information obtained was consistent with the 
expected structure of mono-acetate 37. The minor component identified in the NMR 
spectra of the starting material was still present after this step. Given the polarity of 
mono-acetate 37 no attempt to remove the impurity via silica gel chromatography was 
undertaken. 
 
Fig. 5.27. Deprotection of glycoside 36 to give AA6βGlc (34). i. H2/Pd-C, MeOH:DCM (2:1), 




Deacetylation was achieved with methoxide and neutralised with acidic ion exchange 
resin. To avoid oxidation of product prior to analysis by HRMS, as had been observed 
previously, the sample was kept in a solution of TCEP. This precaution was successful as 
the HRMS analysis gave an ion of m/z 337.0790 which was consistent with the 
calculated value for [M – H]-. Both 1H and 13C NMR spectra were compared to the data 
collected on the small amount of AA6βGlc 34 produced previously and it was clear the 
major product was the same. However, the impurity observed in the intermediates of 
the stereoselective synthesis was still present and its relative intensity to the major 
product had increased to 1:9. Several signals associated with this impurity were well 
resolved and included a doublet at 4.46 ppm (J = 7.7 Hz), and a second doublet at 4.38 
ppm (J = 2.2 Hz). These resonances were thought to arise from a β-anomeric proton and 
4-H of ascorbate suggesting the minor component was another ascorbyl-β-glycoside.  
To gain further insight into the identity of the supposed second glycoside the sample 
was analysed by HILIC LC-MS. This revealed that the sample did in fact contain two 
components of the same molecular weight. The major component eluted at 9 min while 
the minor component eluted just after 8 min, both of which are distinctly more retained 
than the 2-O-glycosides of ascorbate and therefore rules out contamination of the 
sample (Fig. 5.28). Based on the NMR and LC-MS data the most likely explanation is that 
the minor component is AA5βGlc. Given that the 5-OH group of the ascorbate derivative 
was left unprotected in the glycosylation it is feasible that this secondary alcohol was 





Fig. 5.28. HILIC LC-MS chromatogram (SIM, m/z 337) for the analysis of the mixture of 
glycosides obtained. 8 min, minor product, 5-β-glycoside 38. 9 min, major product, 6-β-
glycoside 34. SIM = selected ion monitoring. 
While not the desired outcome, the production of AA5βGlc (38) and AA6βGlc (34), 
particularly their analysis by LC-MS, was beneficial to work presented in the preceding 
Chapters. With this data in hand there was little reason to pursue the synthesis of these 
glycosides any further, particularly within the time frame available. It has been shown 
that the methodology discussed in this section is capable of producing the desired 
compounds, but that more work is required to develop a reliable method that is both 
stereo- and regioselective. The formation of the 5-β-glycoside in such appreciable 
amounts, relative to the 6-β-glycoside, gives reason to suggest that protection of the 5-
OH group may be a necessary precaution. Conversely, this also indicates that 5-
glycosides of ascorbate may also be synthesised using the same methodology with a 
masked 6-OH group. To the best of the authors knowledge this is the first reported 





The methodology presented in this chapter provides two alternative routes to access 2-
β-glycosides of ascorbic acid. A large portion of this work has recently been published 
by Ma et al., and while unfortunate, their observations are consistent with those 
described here (Ma et al., 2017). A common conclusion was that TCA methodology was 
not appropriate for glycosylation of ascorbic acid. This calls into question the successful 
synthesis of both AA2βGal and AA2βGlc via TCA methodology reported by Shimamoto et 
al. (Shimamoto et al., 2016). This work also provides clarity regarding the multitude of 
variable 1H NMR spectra reported in the literature for AA2βGlc (Toyoda-Ono et al., 
2004; Lee et al., 2014; Ma et al., 2016; Shimamoto et al., 2016). These differences are 
now known to be related to pH which causes significant variation to the 1’-H and 4-H 
proton resonances. Although not completed due to time constraints the work towards 
reliable synthesis of AA6βGlc suggests that this approach is viable. The indirect 
generation of the 5-β-glycoside indicates this previously unreported glycoside may also 
be produced using similar methodology. This is the first reported non-enzyme catalysed 
approach to access either of these metabolites. 
While by itself the synthesis of ascorbyl glycosides is only a small addition and 
clarification of the existing literature, it was crucial to this research project. The 
isolation and characterisation of AA2βGlc from crab apples was only possible due to the 
availability of these synthetic standards. The quantification of AA2βGlc was also reliant 
on these metabolites as analytical standards, and specific enzyme assays would have 
been impossible without a source of AA2βGlc. Having a reliable method to access 
AA2βGlc in large quantities was not only fundamental to this project, but also for any 






See Chapter 2, Section 2.4.1. 
Characterisation 
Compounds are characterised using data collected from a combination of HRMS, 1H, 13C 
and 2D NMR spectroscopy. In some cases, particularly for glycosyl bromides, 13C and 
HRMS have not been reported due to the compound breaking down prior to analysis. 
5.4.2. Synthetic procedures 
5,6-isopropylidene-L-ascorbic acid 3 [CAS#15042-01-0] 
 
To a stirred suspension of ascorbate (1) (10 g, 56.77 mmol) in acetone (100 mL) was 
added acetyl chloride (1.0 mL, 14 mmol). The mixture was stirred at room temperature 
overnight, cooled on ice and subsequently filtered to give 3 as a white solid (12.18 g, 
56.37 mmol, 99%).  
1H NMR (400 MHz, (CD3)2SO) δ 1.25 (6H, s, CH3), 3.88 (1H, dd, J = 8.4, 6.5, 6-Ha), 4.09 
(1H, dd, J = 8.4, 7.0 Hz, 6-Hb), 4.26 (1H, dt, J = 6.5, 3.0 Hz, 5-H), 4.70 (1H, d, J = 3.0 Hz, 4-
H); 13C NMR (100 MHz, (CD3)2SO) δ 170.2 (C1), 152.4 (C3), 118.1 (C2), 109.0 (C(CH3)2), 
74.2 (C4), 73.4 (C5), 64.8 (C6), 25.8 (CH3), 25.4 (CH3); HR-ESI-MS (negative ion mode) 
m/z 215.0568 [M – H]- (calcd for C9H11O6, 215.0561). 





To a stirred solution of ascorbate derivative 3 (2.0 g, 9.25 mmol) and K2CO3 (1.3 g, 9.41 
mmol) in DMSO (20 mL) was added BnBr (1.1 ml, 9.26 mmol). The solution was stirred 
at 50 °C for 3.5 hrs, after which ice water was added, the reaction mixture acidified with 
HCl (1 M), extracted with EtOAc, washed with water and brine, dried over anhyd. 
MgSO4, solvent removed under reduced pressure and purified by Si-gel chromatography 
(PE:EtOAc) to give 4 as a pale yellow solid (2.3 g, 6.0 mmol, 65%).  
1H NMR (400 MHz, CDCl3) δ 1.35 (3H, s, CH3), 1.39 (3H, s, CH3), 4.02 (1H, dd, J = 8.6, 6.7 
Hz, 6-Ha), 4.10 (1H, dd, J = 8.6, 6.7 Hz, 6-Hb), 4.26 (1H, dt, J = 6.7, 3.8 Hz, 5-H), 4.57 (1H, 
d, J = 3.8 Hz, 4-H), 5.50 (1H, d, J = 11.8 Hz, Bn-CH2), 5.53 (1H, d, J = 11.8 Hz, Bn-CH2), 
7.32-7.42 (5H, m, Bn-Ar); 13C NMR (100 MHz, CDCl3) δ 171.4 (C1), 148.9 (C3), 135.8 
(Bn-Ar), 128.8 (Bn-Ar), 128.7 (Bn-Ar), 128.2 (Bn-Ar), 119.8 (C2), 110.4 (C(CH3)2), 75.9 
(Bn-CH2), 74.4 (C4), 73.6 (C5), 65.4 (C6), 26.0 (CH3), 25.7 (CH3); HR-ESI-MS (positive ion 
mode) m/z 329.0988 [M + Na]+ (calcd for C16H18O6Na, 329.0996). 
2-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-3-O-benzyl-5,6-isopropylidene-L-ascorbic 
acid 6 [CAS#562043-84-9] 
 
To a mixture of ascorbate derivative 4 (1.0 g, 3.26 mmol), TBAB (520mg, 1.61 mmol), 
and 1 M NaOH (3.2 mL, 3.20 mmol) was added glycosyl bromide 13 (890 mg, 2.16 
mmol) in CHCl3 (5 mL). The reaction was stirred at 50 °C for 45 mins, water was added, 
extracted with CHCl3, washed with water, dried over anhyd. MgSO4, solvent removed 
under reduced pressure and purified by Si-gel chromatography (PE:EtOAc) to give 6 as 
a colourless solid (624 mg, 0.99 mmol, 45%).  
1H NMR (500 MHz, CDCl3) δ 1.32 (3H, s, CH3), 1.35 (3H, s, CH3), 1.96 (3H, s, CH3), 1.99 
(3H, s, CH3), 2.01 (3H, s, CH3), 2.10 (3H, s, CH3), 3.76 (1H, ddd, J = 2.3, 4.3, 10.0 Hz, 5’-H), 
3.98 (1H, t, J = 8.2 Hz, 6-Ha), 4.05-4.15 (2H, m, 6-Hb & 6’-Ha), 4.20-4.30 (2H, m, 5-H & 6’-
Hb), 4.55 (1H, d, J = 3.2 Hz, 4-H), 5.07-5.17 (2H, m, 2’ & 4’), 5.26 (1H, t, J = 9.5 Hz, 3’), 5.37 




CH2), 7.30-7.40 (5H, m, Bn-Ar); 13C NMR (125 MHz, CDCl3) δ 170.5 (CO), 170.0 (CO), 
170.0 (CO), 169.5 (CO), 167.9 (1), 158.6 (3), 135.3 (Bn-Ar), 128.9 (Bn-Ar), 128.7 (Bn-
Ar), 128.7 (Bn-Ar), 128.3 (Bn-Ar), 128.3 (Bn-Ar), 118.2 (2), 110.5 (C(CH3)2), 98.4 (1’), 
75.0 (4), 74.6 (Bn-CH2), 73.9 (5), 72.5 (3’), 72.2 (5’), 71.1 (2’), 68.2 (4’), 65.3 (6), 61.4 
(6’), 25.9 (CH3), 25.6 (CH3), 20.8 (CH3), 20.6 (CH3); HR-ESI-MS (positive ion mode) m/z 
659.1939 [M + Na]+ (calcd for C30H36O15Na, 659.1946). 
2-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-3-O-benzyl-5,6-O-isopropylidene-L-
ascorbic acid 6a [CAS#2178092-98-1] 
 
To a mixture of ascorbate derivative 4 (1.0 g, 3.26 mmol), TBAB (500mg, 1.55 mmol), 
and 1 M NaOH (3.2 mL, 3.20 mmol) was added glycosyl bromide 13a (900 mg, 2.19 
mmol) in CHCl3 (5 mL). The reaction was stirred at 50 °C for 1 hr, water was added, 
extracted with CHCl3, washed with water, dried over anhyd. MgSO4, solvent removed 
under reduced pressure and purified by Si-gel chromatography (PE:EtOAc) to give 6a as 
a colourless solid (863 mg, 1.36 mmol, 61%).  
1H NMR (400 MHz, CDCl3) δ 1.35 (3H, s, CH3), 1.38 (3H, s, CH3), 1.99 (3H, s, CH3), 2.03 
(3H, s, CH3), 2.14 (6H, s, CH3), 3.95-4.04 (2H, m, 5’-H & 6’-Ha), 4.06-4.14 (2H, m, 6’-Hb & 
6-Ha), 4.19 (1H, dd, J = 11.2, 6.7 Hz, 6-Hb), 4.27 (1H, td, J = 6.7, 3.4 Hz, 5-H), 4.56 (1H, d, J 
= 3.3 Hz, 4-H), 5.09 (1H, dd, J = 9.7, 3.6 Hz, 3’-H), 5.32 (1H, t, J = 9.7 Hz, 2’-H), 5.36 (1H, d, 
J = 8.0 Hz, 1’-H), 5.43 (1H, m, 4’-H), 5.45 (1H, d, J = 11.4 Hz, Bn-CH2), 5.58 (1H, d, J = 11.7 
Hz, Bn-CH2), 7.35-7.45 (5H, m, Bn-Ar); 13C NMR (100 MHz, CDCl3) δ 170.5 (CO), 170.2 
(CO), 170.0 (CO), 167.9 (1), 158.5 (3), 135.4 (Bn-Ar), 129.0 (Bn-Ar), 128.9 (Bn-Ar), 
128.5 (Bn-Ar), 118.5 (2), 110.6 (C(CH3)2), 99.2 (1’), 75.0 (4), 74.7 (Bn-CH2), 74.1 (5), 
71.5 (3’), 70.7 (5’), 68.7 (2’), 67.0 (4’), 65.4 (6), 61.0 (6’), 26.0 (CH3), 25.7 (CH3), 21.1 
(CH3), 20.8 (CH3), 20.7 (CH3); HR-ESI-MS (positive ion mode) m/z 659.1976 [M + Na]+ 





2-O-(2’,3’,4’,6’-O-tetra-acetyl-β-D-glucopyranosyl)-L-ascorbic acid 7 [CAS#562043-83-8] 
 
To a solution of glycoside 21 (570 mg, 0.95 mmol) in MeOH (25 mL) was added 5% Pd-
C (50 mg). The reaction was stirred under an atmosphere of H2 at room temperature for 
2.5 hrs. The catalyst was removed by celite filtration and solvent removed in vacuo to 
give 7 as a white foam (441 mg, 0.89 mmol, 93%).  
1H NMR (400 MHz, CDCl3) δ 2.00 (3H, s, CH3), 2.03 (3H, s, CH3), 2.06 (3H, s, CH3), 2.09 
(3H, s, CH3), 3.69 (2H, m, 6-H), 3.93 (2H, m, 5-H & 5’-H), 4.12 (1H, dd, J = 12.4, 2.4 Hz, 6’-
H), 4.34 (1H, dd, J = 12.4, 4.9 Hz, 6’-H), 4.85 (1H, d, J = 1.8 Hz, 4-H), 5.12 (2H, m, 3’-H & 
4’-H), 5.31 (2H, m, 1’-H & 2’-H); 13C NMR (100 MHz, CDCl3) δ 172. 3 (CO), 171.5 (CO), 
171.5 (CO), 171.3 (CO), 167.2 (1), 158. 5 (3), 118.7 (2), 100.7 (1’), 77.1 (4’), 74.2 (2’), 
73.2 (5’), 72.7 (3’), 70.7 (5), 69.7 (4), 63.4 (6), 62.9 (6’), 20.7 (CH3), 20.6 (CH3), 20.5 
(CH3), 20.5 (CH3); HR-ESI-MS (negative ion mode) m/z 505.1207 [M - H]- (calcd for 
C20H25O15, 505.1199). 
2-O-(2’,3’,4’,6’-O-tetra-acetyl-β-D-galactopyranosyl)-L-ascorbic acid 7a [CAS#2178093-01-
9] 
 
To a solution of glycoside 21a (800 mg, 1.34 mmol) in MeOH (35 mL) was added 5% 
Pd-C (90 mg). The reaction was stirred under an atmosphere of H2 at room temperature 
for 3 hrs. The catalyst was removed by celite filtration and solvent removed in vacuo to 
give 7a as a white foam (630 mg, 1.25 mmol, 93%).  
1H NMR (400 MHz, CDCl3) δ 1.96 (3H, s, CH3), 2.01 (3H, s, CH3), 2.09 (3H, s, CH3), 2.14 




1’-H, 2’-H, 3’-H), 5.41 (1H, d, J = 3.3 Hz, 4-H); 13C NMR (100 MHz, CDCl3) δ 172.1 (CO), 
171.8 (CO), 171.6 (CO), 171.4 (CO), 171.5 (1), 164.7 (3), 118.9 (2), 101.1 (1’), 77.0 (4), 
72.3 (3’), 72.2 (5’), 70.6 (2’), 70.2 (5), 68.7 (4’), 63.4 (6), 62.3 (6’), 20.8 (CH3), 20.5 (CH3), 
20.4 (CH3), 20.4 (CH3); HR-ESI-MS (negative ion mode) m/z 505.1178 [M - H]- (calcd for 
C20H25O15, 505.1199). 
2-O-β-D-glucopyranosyl-L-ascorbic acid 8 [CAS#562043-82-7] 
 
Glucoside 7 (220 mg, 0.43 mmol) was dissolved in MeOH (20 mL) and NaOMe (0.1 M) 
was added dropwise to achieve a pH of approx. 9. The solution was stirred for 30 min at 
room temperature before it was neutralised with IRA-120 (H+) resin, filtered, and 
solvent removed under reduced pressure to give 8 as a colourless foam (126 mg, 0.37 
mmol, 87%).  
1H NMR, 13CNMR, 2D NMR (500 MHz, D2O) See Table 5.1; HR-ESI-MS (negative ion 
mode) m/z 337.0775 [M - H]- (calcd for C12H17O11, 337.0776). 
2-O-β-D-glucopyranosyl-L-ascorbic acid 8 [CAS#562043-82-7] 
 
To a solution of benzyl-glucoside 22 (50 mg, 0.12 mM) in MeOH (8 mL) was added 5% 
Pd-C (20 mg). The reaction was stirred under an atmosphere of H2 at room temperature 
for 2 hrs. The catalyst was removed by filtration and solvent removed in vacuo to give 8 
as a white foam (30 mg, 0.09 mM, 74%). 
1H NMR, 13CNMR, 2D NMR (500 MHz, D2O) See Table 5.1; HR-ESI-MS (negative ion 




2-O-β-D-glucopyranosyl-L-ascorbic acid 8 [CAS#562043-82-7] 
 
mono-acetate 40 (47 mg, 0.12 mmol) was dissolved in MeOH (5 mL) and NaOMe (0.1 M, 
1.7 mL) was added dropwise to achieve a pH of approx. 9. The solution was stirred for 
10 min at room temeperature before it was neutralised with IRA-120 (H+) resin, 
filtered, and solvent removed under reduced pressure to give 8 as a colourless foam (36 
mg, 0.11 mmol, 87%).  
1H NMR, 13CNMR, 2D NMR (500 MHz, D2O) See Table 5.1; HR-ESI-MS (negative ion 
mode) m/z 337.0775 [M - H]- (calcd for C12H17O11, 337.0777). 
2-O-β-D-galactopyranosyl-L-ascorbic acid 8a [CAS#160009-30-3] 
 
To a solution of benzyl-glycoside 22a (220 mg, 0.51 mmol) in MeOH (10 mL) was added 
5% Pd-C (50 mg). The reaction was stirred under an atmosphere of H2 at room 
temperature for 2 hrs. The catalyst was removed by filtration and solvent removed in 
vacuo to give 8a as a white foam (110 mg, 0.33 mmol, 64%).  
1H NMR, 13CNMR, 2D NMR (500 MHz, D2O) See Table 5.1; HR-ESI-MS (negative ion 





2-O-β-D-galactopyranosyl-L-ascorbic acid 8a [CAS#160009-30-3] 
 
Acetylated galactoside 7a (300 mg, 0.59 mM) was dissolved in MeOH (30 mL) and 
NaOMe (0.5 M, 3.0 mL) was added dropwise to achieve a pH of approx. 9. The solution 
was stirred for 10 min at room temperature before it was neutralised with IRA-120 (H+) 
resin, filtered, and solvent removed under reduced pressure to give 8a as a colourless 
foam (211 mg, 0.49 mmol, 83%).  
1H NMR, 13CNMR, 2D NMR (500 MHz, D2O) See Table 5.1; HR-ESI-MS (positive ion 
mode) m/z 361.0718 [M + Na]+ (calcd for C12H18O11Na, 361.0741). 
2-O-β-D-galactopyranosyl-L-ascorbic acid 8a [CAS#160009-30-3] 
 
Mono-acetate 40a (48 mg, 0.12 mmol) was dissolved in MeOH (5 mL) and NaOMe (0.1 
M, 1.9 mL) was added dropwise to achieve a pH of approx. 9. The solution was stirred 
for 10 min at room temperature before it was neutralised with IRA-120 (H+) resin, 
filtered, and solvent removed under reduced pressure to give 8a as a colourless foam 
(33 mg, 0.10 mmol, 82%).  
1H NMR, 13CNMR, 2D NMR (500 MHz, D2O) See Table 5.1; HR-ESI-MS (positive ion 





2,3,4,6-tetra-O-acetyl-glucopyranosyl bromide 13 [CAS#572-09-8] 
  
To a stirred solution of peracetate 17 (1.0 g, 2.56 mmol) in DCM (2 mL) was added HBr 
(33% in AcOH, 4 mL, 22.4 mmol). The solution was stirred at room temperature 
overnight before it was diluted with ice water, extracted with DCM, washed with 
NaHCO3 and brine, dried over anhyd. MgSO4 and solvent removed under reduced 
pressure to give 13 as a colourless oil (950 mg, 2.31 mmol, 90%).  
1H NMR (400 MHz, CDCl3) δ 2.02 (3H, s, CH3), 2.04 (3H, s, CH3), 2.08 (3H, s, CH3), 2.09 
(3H, s, CH3), 4.12 (1H, dd, J = 10.9, 4.3 Hz, 6-Ha), 4.24-4.36 (2H, m, 5-H & 6-Hb), 4.82 (1H, 
dd, J = 10.0, 4.1 Hz, 2-H), 5.15 (1H, dd, J = 10.0, 9.5 Hz, 3-H), 5.54 (1H, t, J = 9.5 Hz, 4-H), 
6.60 (1H, d, J = 4.1 Hz, 1-H); 13C NMR (100 MHz, CDCl3) δ 170.4 (CO), 169.7 (CO), 169.7 
(CO), 169.35 (CO), 86.6 (C1), 72.1 (C2), 70.5 (C5), 70.1 (C4), 67.1 (C3), 60.9 (C6), 20.6 
(CH3), 20.6 (CH3), 20.5 (CH3), 20.5 (CH3); HR-ESI-MS (positive ion mode) m/z 433.0102 
[M + Na]+ (calcd for C14H19O9BrNa, 433.0105). 
2,3,4,6-tetra-O-acetyl-galactosyl bromide 13a [CAS#3068-32-4] 
 
To a stirred solution of peracetate 17a (1.0 g, 2.56 mmol) in DCM (2 mL) was added HBr 
(33% in AcOH, 4 mL, 22.4 mmol). The solution was stirred at room temperature 
overnight before it was diluted with ice water, extracted with DCM, washed with 
NaHCO3 and brine, dried over anhyd. MgSO4 and solvent removed under reduced 
pressure to give 13a as a colourless oil (990 mg, 2.41 mmol, 94%). 
1H NMR (400 MHz, CDCl3) δ 2.01 (3H, s, CH3), 2.05 (3H, s, CH3), 2.11 (3H, s, CH3), 2.15 




(1H, td, J = 6.4, 6.7, 1.3 Hz, 5-H), 5.04 (1H, dd, J = 10.6, 4.0 Hz, 2-H), 5.40 (1H, dd, J = 10.6, 
3.3 Hz, 3-H), 5.51 (1H, dd, J = 3.3, 1.3 Hz, 4-H), 6.69 (1H, d, J = 4.0 Hz, 1-H); 13C NMR (100 
MHz, CDCl3) δ 170.3 (CO), 170.1 (CO), 169.9 (CO), 169.8 (CO), 88.2 (C1), 71.1 (2), 68.0 
(5), 67.8 (4), 67.0 (3), 60.9 (6), 20.8 (CH3), 20.7 (CH3), 20.6 (CH3), 20.6 (CH3); HR-ESI-MS 
(positive ion mode) m/z 433.0110 [M + Na]+ (calcd for C14H19O9BrNa, 433.0105). 
1,2,3,4,6-penta-O-acetyl-galactose 17a [CAS#4163-59-1] 
 
To a stirred solution of galactose 16a (5.0 g, 27.8 mmol) in pyridine (15 mL, 186.2 
mmol) was added acetic anhydride (18 mL, 190.4 mmol) at 0 °C. The solution was 
allowed to warm to room temperature and stirred overnight before it was diluted with 
ice water, extracted with EtOAc, washed with HCl (1 M), water, 5% NaHCO3, and water 
again before it was dried over anhyd. MgSO4 and solvent removed under reduced 
pressure to give 17a as a colourless oil (10.2 g, 26.2 mmol, 95%).  
1H NMR (400 MHz, CDCl3) δ 1.99 (3H, s, CH3), 2.01 (3H, s, CH3), 2.03 (3H, s, CH3), 2.15 
(3H, s, CH3), 2.15 (3H, s, CH3), 4.08 (2H, m, 6-CH2), 4.33 (1H, m, Hz, 5-H), 5.32 (1H, m, 4-
H), 5.33 (1H, m, 3-H), 5.49 (1H, m, 2-H), 6.37 (1H, d, J = 1.7 Hz, 1-H); 13C NMR (100 MHz, 
CDCl3) δ 170.4 (CO), 170.2 (CO), 170.2 (CO), 170.0 (CO), 169.0 (CO), 89.8 (C1), 68.9 (C5), 
67.5 (C3), 67.5 (C4), 66.5 (C2), 61.3 (C6), 21.0 (CH3), 20.8 (CH3), 20.7 (CH3), 20.7 (CH3), 
20.63 (CH3); HR-ESI-MS (positive ion mode) m/z 413.1058 [M + Na]+ (calcd for 
C16H22O11Na, 413.1054). 





Peracetate 17a (1.4 g, 3.6 mmol) was dissolved in THF:MeOH (7:3, 10 mL), ammonia 
gas was then bubbled through the solution at 0 °C. Once TLC showed the reaction was 
complete N2 was bubbled through the solution, solvent removed under reduced 
pressure, and the crude material purified by silica gel chromatography (PE:EtOAc) to 
yield 18 as a colourless oil (1.1 g, 3.17 mmol, 88%).  
1H NMR (400 MHz, CDCl3) δ 2.02 (3H, s, CH3), 2.03 (3H, s, CH3), 2.08 (3H, s, CH3), 2.10 
(3H, s, CH3), 4.13 (1H, m, 6-H), 4.25 (2H, m, 5-H & 6-H), 4.91 (1H, dd, J = 10.2, 3.6 Hz, 2-
H), 5.08 (1H, t, J = 9.8 Hz, 4-H), 5.47 (1H, d, J = 3.6 Hz, 1-H), 5.53 (1H, dd, J = 10.3, 9.4 Hz, 
3-H); 13C NMR (100 MHz, CDCl3) δ 170.9 (CO), 170.3 (CO), 170.2 (CO), 169.8 (CO), 90.4 
(C1), 71.2 (C2), 70.0 (3), 68.6 (4), 67.5 (5), 62.1 (C6), 20.9 (CH3), 20.8 (CH3), 20.8 (CH3), 
20.8 (CH3); HR-ESI-MS (positive ion mode) m/z 371.0955 [M + Na]+ (calcd for 
C14H20O10Na, 371.0949). 
2,3,4,6-tetra-O-acetyl-α-galactopyranosyl trichloroacetimidate 19a [CAS#86520-63-0] 
 
The tetra-acetate 18a (350 mg, 1 mmol) was dissolved in anhyd. DCM at 0 °C under 
inert gas. To this solution was added trichloroacetonitrile (0.5 mL, 5 mmol) and NaH 
(60% in mineral oil, 2.4 mg, 0.1 mmol). The mixture was stirred at 0 °C for 2 Hrs before 
solvent was removed under reduced pressure to give 19 as a yellow solid which was 
used without further purification (413 mg, 0.84 mmol, 84%). 
1H NMR (400 MHz, CDCl3) δ 2.02 (3H, s, CH3), 2.03 (3H, s, CH3), 2.05 (3H, s, CH3), 2.08 
(3H, s, CH3), 4.13 (1H, dd, J = 12.3, 2.1 Hz, 6-H), 4.21 (1H, ddd, J = 10.3, 4.1, 2.0 Hz, 5-H), 
4.28 (1H, dd, J = 12.2, 4.1 Hz, 6-H), 5.13 (1H, dd, J = 10.2, 3.7 Hz, 2-H), 5.18 (1H, t, J = 9.9 
Hz, 4-H), 5.57 (1H, t, J = 9.9 Hz, 3-H), 6.56 (1H, d, J = 3.7 Hz, 1-H), 8.69 (1H, s, N-H); 13C 
NMR (100 MHz, CDCl3) δ 170.7 (CO), 170.2 (CO), 170.0 (CO), 169.7 (CO), 161.0 
(OC=NH), 113.3 (CCl3), 93.1 (C1), 70.2 (5), 70.0 (3), 69.9 (2), 67.9 (4), 61.5 (C6), 20.8 
(2xCH3), 20.7 (CH3), 20.6 (CH3); HR-ESI-MS (positive ion mode) m/z 514.0036 [M + Na]+ 




2-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-3-O-benzyl-L-ascorbic acid 21 [CAS: 
2178093-00-8] 
 
To a stirred solution of protected glycoside 6 (300 mg, 0.47 mmol) in MeOH (10 mL) 
was added TFA (0.10 mL, 1.30 mmol). The reaction was stirred at 40 °C for 12 hrs, 
diluted with water, extracted with EtOAc, washed with NaHCO3 and brine, dried over 
anhyd. MgSO4 and solvent removed in vacuo to give 21 as a white solid (162 mg, 0.27 
mmol, 58%).  
1H NMR (400 MHz, CDCl3) δ 1.89 (3H, s, CH3), 1.92 (3H, s, CH3), 1.94 (3H, s, CH3), 1.99 
(3H, s, CH3), 3.35 (1H, bs), 3.49 (1H, d, J = 7.42 Hz), 3.55-3.70 (2H, m), 3.74 (1H, ddd, J = 
2.5, 4.3, 10.0 Hz), 3.82-3.91 (1H, m), 4.09 (1H, m), 4.21 (1H, dd, J = 12.5, 4.3 Hz), 4.67 
(1H, d, J = 2 Hz, 4H), 5.00-5.12 (2H, m, 3’-H & 4’-H), 5.17-5.25 (2H, m, 1’-H & 2’-H), 5.32 
(1H, d, J = 11.6 Hz, Bn-CH2), 5.53 (1H, d, J = 11.6 Hz, Bn-CH2), 7.27-7.30 (4H, m, Bn-Ar); 
13C NMR (100 MHz, CDCl3) δ 170.5 (CO), 170.0 (CO), 169.9 (CO), 169.5 (CO), 168.8 (1), 
159.9 (3), 135.2 (Bn-Ar), 128.7 (Bn-Ar), 128.6 (Bn-Ar), 128.1 (Bn-Ar), 117.9 (2), 98.7 
(1’), 75.8 (4), 74.3 (Bn-CH2), 72.3 (5), 71.9 (3’), 70.9 (5’), 69.7 (2’), 68.0 (4’), 62.8 (6), 
61.3 (6’), 20.9 (Ac-CH3), 20.6 (CH3), 20.5 (CH3); HR-ESI-MS (positive ion mode) m/z 
619.1634 [M + Na]+ (calcd for C27H32O15Na, 619.1633). 
2-O-(2’,3’,4’,6’-O-tetra-acetyl-β-D-glucopyranosyl)-3-O-benzyl-L-ascorbic acid 21 [CAS: 
2178093-00-8] 
 
Protected glycoside 6 (2.50 g, 3.9 mM) was dissolved in MeOH:DCM (2:1, 25 mL). 




The reaction was quenched by addition of water, extracted with EtOAc, washed with 
NaHCO3 and brine, dried over anhyd. MgSO4, solvent removed in vacuo and then 
purified using Si-gel chromatography (PE:EtOAc) to give 21 as a colourless solid (1.65 g, 
2.8 mmol, 71%). 
Refer to previous synthesis for characterisation data. 
2-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-3-O-benzyl-L-ascorbic acid 21a [CAS: 
2178092-99-2] 
 
To a stirred solution of protected glycoside 6a (300 mg, 0.47 mmol) in MeOH (10 mL) 
was added TFA (0.10 mL, 1.30 mM). The reaction was stirred at 40 °C for 12 hrs, diluted 
with water, extracted with EtOAc, washed with NaHCO3 and brine, dried over anhyd. 
MgSO4 and solvent removed in vacuo to give 21a as a white solid (148 mg, 0.25 mmol, 
53%). 
1H NMR (400 MHz, CDCl3) δ 1.99 (3H, s, Ac-CH3), 2.02 (3H, s, Ac-CH3), 2.13 (3H, s, Ac-
CH3), 2.14 (3H, s, Ac-CH3), 3.71-3.85 (2H, m, 6-Ha & 6-Hb), 3.90-4.05 (2H, m), 4.11 (1H, 
dd, J = 6.6, 11.2 Hz, 6’-Ha), 4.19 (1H, dd, J = 6.6, 11.2 Hz, 6’-Hb), 4.73 (1H, d, J = 2.4 Hz, 4-
H), 5.10 (1H, ddd, J = 1.9, 3.4, 8.3 Hz, 5’-H), 5.27-5.35 (2H, m), 5.44 (1H, d, J = 3.5 Hz), 
5.47 (1H, d, J = 11.7 Hz, Bn-CH2), 5.58 (1H, d, J = 11.6 Hz, Bn-CH2), 7.36-7.44 (5H, m, Bn-
Ar); 13C NMR (100 MHz, CDCl3) δ 170.5 (CO), 170.2 (CO), 170.2 (CO), 170.1 (CO), 168.3 
(1), 159.3 (3), 135.4 (Bn-Ar), 129.1 (Bn-Ar), 128.9 (Bn-Ar), 128.5 (Bn-Ar), 118.3 (2), 
99.3(1’), 76.2 (4), 74.7 (Bn-CH2), 71.5 (5), 70.7 (3’), 70.0 (5’), 68.6 (2’), 67.0 (4’), 63.3 
(6), 61.0 (6’), 21.0 (CH3), 20.8 (CH3), 20.8 (CH3), 20.7 (CH3); HR-ESI-MS (positive ion 





2-O-(2’,3’,4’,6’-tetra-O-acetyl-β-D-galactopyranosyl)-3-O-benzyl-L-ascorbic acid 21a [CAS: 
2178092-99-2] 
 
Protected glycoside 6a (2.40 g, 3.8 mmol) was dissolved in MeOH:DCM (2:1, 25 mL). 
HCl:H2O (1:1, 8 mL) was added dropwise and the solution stirred at 40 °C for 60 min. 
The reaction was quenched by addition of water, extracted with EtOAc, washed with 
NaHCO3 and brine, dried over anhyd. MgSO4, solvent removed in vacuo and then 
purified using Si-gel chromatography (PE:EtOAc) to give 21a as a colourless solid (1.79 
g, 2.9 mmol, 77%).  
Refer to previous synthesis for characterisation data. 
2-O-β-D-glucopyranosyl-3-O-benzyl-L-ascorbic acid 22 
 
Ascorbyl glycoside 21 (280 mg, 0.47 mmol) was dissolved in MeOH (28 mL). IRA 400 
OH- resin (approx. 140 mg) was added and the reaction stirred at room temperature for 
60 hrs. Resin was removed by filtration and solvent removed in vacuo. The crude 
material was purified by Si-gel chromatography (CHCl3:MeOH) to give 22 as a white 
solid (55 mg, 0.13 mmol, 27%). HR-ESI-MS (positive ion mode) m/z 451.1182 [M + Na]+ 





2-O-β-D-galactopyranosyl-3-O-benzyl-L-ascorbic acid 22a 
 
Ascorbyl glycoside 21a (400 mg, 0.67 mmol) was dissolved in MeOH (40 mL). IRA 400 
OH- resin (approx. 200 mg) was added and the reaction stirred at room temperature for 
48 hrs. Resin was removed by filtration and solvent removed in vacuo. The crude 
material was purified by Si-gel chromatography (CHCl3:MeOH) to give 22a as a white 
solid (61 mg, 0.13 mmol, 21%).  
1H NMR (400 MHz, CD3OD) δ 3.52-3.72 (5H, m), 3.77 (2H, d, J = 6.0 Hz), 3.86-3.91 (2H, 
m), 4.91 (1H, d, J = 1.5 Hz, 4-H), 5.02 (1H, d, J = 7.7 Hz, 1’-H), 5.54 (1H, d, J = 11.7 Hz, Bn-
CH2), 5.77 (1H, d, J = 11.7 Hz, Bn-CH2), 7.30-7.50 (5H, m, Bn-Ar); HR-ESI-MS (positive 
ion mode) m/z 451.1189 [M + Na]+ (calcd for C19H24O11Na, 451.1211). 
Methyl 3,4,6-tri-O-acetyl-glucopyranosyl-1,2-ortho-acetate 23 [CAS#3254-16-8] 
 
Glycosyl bromide 13 (10 g, 24.3 mmol) was dissolved in sym-collidine (22 mL) under an 
Ar atmosphere and warmed to 45 °C. TBAB (4.00 g, 12.4 mmol) and MeOH (6 mL) were 
added and the mixture stirred at room temperature overnight. The reaction was diluted 
with DCM, washed with water and solvents removed in vacuo to 23 as a white solid 
(11.1 g, crude – inc. sym-col) which was used in the following step without further 
purification. A small amount was recrystallized from hot methanol for characterisation 
purposes.  
1H NMR (400 MHz, CDCl3) δ 1.70 (3H, s, CCH3), 2.08 (3H, s, CH3), 2.09 (3H, s, CH3), 2.10 




4.31 (1H, dd, J = 5.2, 3.0 Hz, 2-H), 4.91 (1H, dd, J = 9.5, 2.6 Hz, 4-H), 5.21 (1H, t, J= 2.9 Hz, 
3-H), 5.71 (1H, d, J = 5.2 Hz, 1-H); 13C NMR (100 MHz, CDCl3) δ 170.9 (CO), 169.8 (CO), 
169.3 (CO), 121.7 (COCH3), 97.0 (1), 73.1 (2), 70.2 (3), 68.3 (4), 67.1 (5), 63.2 (6), 51.2 
(CH3), 20.9 (Ac-CH3), 20.9 (Ac-CH3), 20.9 (Ac-CH3), 20.2 (CH3); HR-ESI-MS (positive ion 
mode) m/z 385.1082 [M + Na]+ (calcd. for C15H22O10Na, 385.1105). 
Methyl 3,4,6-tri-O-benzyl-glucopyranosyl-1,2-O-ortho-acetate 25 [CAS#51532-75-3] 
 
Orthoester 23 (11.1 g, crude – inc. sym-col) was dissolved in MeOH (50 mL) and 
methoxide (50 mL, 1 M) was added dropwise and the reaction was left to stir overnight. 
After completion the solvent was removed in vacuo to give crude 25 (8.0 g, crude – inc. 
sym-col) as a yellow foam that was used directly in the next step.  
NaH (60% in oil, 7.1 g, 177.5 mmol) was added to a solution of methyl glucopyranosyl-
1,2-O-ortho-acetate (8.0 g, crude – inc. sym-col) in DMF (15 mL) at 0 °C under Ar and 
left to equilibrate for 15 min. BnBr (25 mL, 210.5 mmol) was added dropwise and the 
mixture allowed to warm to room temperature overnight. Water was used to quench 
the reaction which was then extracted with EtOAc, dried over anhyd. MgSO4 and solvent 
removed in vacuo to give a crude orange oil. Purification on Si-gel chromatography 
(PE:EtOAc) gave 25 as a yellow oil (10.1 g, 19.9 mmol, 81% (3 steps)).  
1H NMR (400 MHz, CDCl3) δ 1.66 (3H, s, CH3), 3.29 (3H, s, CH3), 3.65 (2H, t, J = 3.4 Hz, 6-
H), 3.71 (1H, dd, J = 9.7, 4.5 Hz, 4-H), 3.79 (1H, m, 5-H), 3.88 (1H, dd, J = 4.5, 3.6 Hz, 3-H), 
4.39 (1H, d, J = 11.4 Hz, Bn-CH2), 4.43 (1H, dd, J = 5.3, 3.6 Hz, 2-H), 4.50 (1H, d, J = 12.2 
Hz, Bn-CH2), 4.59 (3H, m, Bn-CH2), 4.71 (1H, d, J = 11.9 Hz, Bn-CH2), 5.78 (1H, d, J = 5.3 
Hz, 1-H), 7.29 (15H, m, Bn-Ar); 13C NMR (100 MHz, CDCl3) δ 138.2 (Bn-Ar), 138.0 (Bn-
Ar), 137.8 (Bn-Ar), 128.6 (Bn-Ar), 128.5 (Bn-Ar), 128.5 (Bn-Ar), 128.2 (Bn-Ar), 128.2 
(Bn-Ar), 128.1 (Bn-Ar), 127.9 (Bn-Ar), 127.9 (Bn-Ar), 127.7 (Bn-Ar), 121.3 (COCH3), 




(5), 69.2 (6), 50.7 (CH3), 21.4 (CH3); HR-ESI-MS (positive) ion mode) m/z 529.2204 [M + 
Na]+ (calcd for C30H34O7Na, 529.2197). 
Methyl 3,4,6-tri-O-benzyl-galactopyranosyl-1,2-O-ortho-acetate 25a [CAS#68779-52-2] 
 
Glycosyl bromide 13a (5 g, 12.2 mmol) was dissolved in sym-collidine (11 mL) under an 
Ar atmosphere and warmed to 45 °C. TBAB (1.5 g, 4.7 mmol) and MeOH (3 mL) were 
added and the mixture stirred at room temperature overnight. The reaction was diluted 
with DCM, washed with water and solvents removed in vacuo to give methyl 3,4,6-tri-O-
acetyl-galactopyranosyl-1,2-ortho-acetate as an off-white solid (6.2 g, crude – inc. sym-
col) which was used in the following step without further purification.  
Methyl 3,4,6-tri-O-acetyl-galactopyranosyl-1,2-ortho-acetate (6.2 g, crude – inc. sym-
col) was dissolved in MeOH (25 mL) and methoxide (25 mL, 1 M) was added dropwise 
and the reaction was left to stir overnight. After completion the solvent was removed in 
vacuo to give crude methyl galactopyranosyl-1,2-O-ortho-acetate (4.9 g, crude – inc. 
sym-col) as a yellow foam that was used directly in the next step.  
NaH (60% in oil, 4.0 g, 100 mmol) was added to a solution of methyl galactopyranosyl-
1,2-O-ortho-acetate (4.9 g, crude – inc. sym-col) in DMF (12 mL) at 0 °C under Ar and 
left to equilibrate for 15 min. BnBr (15 mL, 126.3 mmol) was added dropwise and the 
mixture allowed to warm to room temperature overnight. Water was used to quench 
the reaction which was then extracted with EtOAc, dried over anhyd. MgSO4 and solvent 
removed in vacuo to give a crude orange oil. Purification on Si-gel chromatography 
(PE:EtOAc) gave 25a as a yellow oil (4.54 g, 9.1 mmol, 75% (3 steps)). 
1H NMR (400 MHz, CDCl3) δ 1.62 (3H, s, CH3), 3.30 (3H, s, O-Me), 3.66 (3H, m, 6-H), 4.06 
(2H, m), 4.51 (3H, m, Bn-CH2), 4.76 (3H, m, Bn-CH2), 4.96 (1H, d, J = 11.2 Hz, Bn-CH2), 
5.78 (1H, d, J = 4.5 Hz, 1-H), 7.36 (15H, m, Bn-Ar); 13C NMR (100 MHz, CDCl3) δ 138.5 




128.1 (Bn-Ar), 128.0 (Bn-Ar), 128.0 (Bn-Ar), 127.9 (Bn-Ar), 127.8 (Bn-Ar), 127.8 (Bn-
Ar), 127.7 (Bn-Ar), 127.6 (Bn-Ar), 121.3 (COCH3), 97.9 (1), 80.4, 80.0, 74.7 (Bn-CH2), 
73.6 (Bn-CH2), 73.3, 73.1, 71.5 (Bn-CH2), 68.1 (6), 49.7 (COCH3), 24.4 (CH3); HR-ESI-MS 
(positive ion mode) m/z 529.2163 [M + Na]+ (calcd for C30H34O7Na, 529.2197).  
2-O-acetyl-3,4,6-tri-O-benzyl-glucosyl bromide 26 [CAS#53270-13-6] 
 
Orthoester 25 (1.79 g, 3.53 mmol) was dissolved in anhydrous DCM (10 mL) over 
molecular sieves. The mixture was cooled to 0 °C and stirred for 30 min under inert 
atmosphere. HBr (33% in AcOH, 8 mL, 32.6 mmol) was added and the reaction stirred at 
0 °C for 4 min. Ice water was used to quench the reaction which was subsequently 
extracted with DCM, washed with NaHCO3, dried over anhyd. MgSO4 and solvent 
removed in vacuo to 26 as an orange oil (1.81 g, 3.26 mmol, 92%). This compound was 
used without further purification.  
1H NMR (400 MHz, CDCl3) δ 2.04 (3H, s, CH3), 3.67 (1H, dd, J = 11.1, 1.9 Hz), 3.83 (2H, 
m), 4.07 (1H, d, J = 9.5 Hz), 4.54 (3H, m), 4.75 (1H, dd, J = 9.7, 3.9 Hz), 4.82 (2H, dd, J = 
11.8, 9.0 Hz), 6.65 (1H, d, J = 3.8 Hz, 1-H), 7.29 (15H, m, Bn-Ar); HR-ESI-MS (positive) 
ion mode) m/z 577.1204 [M + Na]+ (calcd for C29H31O6BrNa, 577.1196). 
2-O-acetyl-3,4,6-tri-O-benzyl-galactosyl bromide 26a [CAS#77790-47-7] 
 
Orthoester 25a (600 mg, 1.18 mmol) was dissolved in anhydrous DCM (6 mL) over 
molecular sieves. The mixture was cooled to 0 °C and stirred for 30 min under inert 




0 °C for 4 min. Ice water was used to quench the reaction which was subsequently 
extracted with DCM, washed with NaHCO3, dried over anhyd. MgSO4 and solvent 
removed in vacuo to give 26a as an orange oil (620 mg, 1.12 mmol, 94%). This 
compound was used without further purification.  
1H NMR (400 MHz, CDCl3) δ 2.10 (3H, s, Ac-CH3), 3.59 (3H, m), 4.02 (3H, m), 4.20 (1H, t, J 
= 6.6 Hz, 5-H), 4.49 (6H, m), 4.73 (3H, m), 4.94 (2H, dd, J = 11.4, 4.8 Hz, Bn-CH2), 5.17 
(1H, dd, J = 9.9, 3.8 Hz, 2’-H), 6.75 (1H, d, J = 3.8 Hz, 1’-H), 7.31 (15H, m, Bn-Ar). 
2-O-(2-O-Acetyl-3,4,6-tri-O-benzyl-β-D-glucopyranosyl)-3-O-benzyl-5,6-O-isopropylidene-
L-ascorbic acid 27 
 
To a mixture of ascorbate derivative 4 (2.0 g, 6.52 mM), TBAB (1.0 g, 3.2 mmol), and 1 M 
NaOH (6.0 mL, 6.3 mmol) was added glycosyl bromide 26 (1.51 g, 2.72 mmol) in CHCl3 
(10 mL). The reaction was stirred at 50 °C for 90 min, water was added, extracted with 
CHCl3, washed with water, dried over anhyd. MgSO4, solvent removed under reduced 
pressure and purified by Si-gel chromatography (DCM:Et2O) to give 27 as a pale yellow 
solid (1.11 g, 1.42 mmol, 52%). 
1H NMR (400 MHz, CDCl3) δ 1.34 (3H, s, CH3), 1.38 (3H, s, CH3), 2.06 (3H, s, CH3), 3.54 
(1H, m, 5’-H), 3.73 (2H, d, J = 3.06 Hz, 6’-H), 3.77 (2H, m, 3’-H, & 4’-H), 3.99 (1H, dd, J = 
8.6, 6.8 Hz, 6-H), 4.07 (1H, dd, J = 8.6, 6.7 Hz, 6-H), 4.24 (1H, td, J = 6.8, 3.6 Hz, 5-H), 4.45 
(1H, d, J = 12.0 Hz, Bn-CH2), 4.54 (3H, m, 2xBn-CH2 & 4-H), 4.71 (1H, d, J = 11.4 Hz, Bn-
CH2), 4.81 (2H, dd, J = 11.2, 2.6 Hz, 2xBn-CH2), 5.16 (1H, d, J = 8.1 Hz, 1’-H), 5.17 (1H, dd, 
J = 10.5, 8.3 Hz, 2’-H), 5.46 (1H, d, J = 11.8 Hz, Bn-CH2), 5.62 (1H, d, J = 11.7 Hz, Bn-CH2), 
7.27 (20H, m, Bn-Ar); 13C NMR (100 MHz, CDCl3) δ 170.3 (CO), 168.3 (1), 158.9 (3), 
138.2 (Bn-Ar), 138.0 (Bn-Ar), 137.9 (Bn-Ar), 135.5 (Bn-Ar), 128.8 (Bn-Ar), 128.7 (Bn-
Ar), 128.6 (Bn-Ar), 128.5 (Bn-Ar), 128.4 (Bn-Ar), 128.2 (Bn-Ar), 128.1 (Bn-Ar), 127.9 
(Bn-Ar), 127.8 (Bn-Ar), 127.6 (Bn-Ar), 118.7 (2), 110.5, 99.3 (1’), 82.7, 75.4, 75.3, 75.2, 




(Ac-CH3); HR-ESI-MS (positive) ion mode) m/z 803.3012 [M + Na]+ (calcd for 
C45H48O12Na, 803.3038).  
2-O-(2-O-Acetyl-3,4,6-tri-O-benzyl-β-D-galactopyranosyl)-3-O-benzyl-5,6-O-
isopropylidene-L-ascorbic acid 27a 
 
To a mixture of ascorbate derivative 4 (410 mg, 1.34 mmol), TBAB (210 mg, 0.67 
mmol), and 1 M NaOH (1.5 mL, 1.6 mmol) was added glycosyl bromide 26a (500 mg, 0.9 
mmol) in CHCl3 (5 mL). The reaction was stirred at 50 °C for 90 min, water was added, 
extracted with CHCl3, washed with water, dried over anhyd. MgSO4, solvent removed 
under reduced pressure and purified by Si-gel chromatography (DCM:Et2O) to give 27a 
as a pale yellow solid (497 mg, 0.64 mmol, 71%).  
1H NMR (400 MHz, CDCl3) δ 1.30 (3H, s, IP-CH3), 1.33 (3H, s, IP-CH3), 2.06 (3H, s, Ac-
CH3), 3.55 (4H, m, 6-H2), 3.93 (2H, m, 6’-H), 4.02 (1H, dd, J = 8.5, 6.7 Hz, 6’-H), 4.18 (1H, 
td, J = 6.8, 3.8 Hz, 5-H), 4.37 (2H, m, Bn-CH2), 4.43 (1H, d, J = 3.7 Hz, 4-H), 4.53 (2H, dd, J 
= 11.9, 6.9 Hz, Bn-CH2), 4.65 (1H, d, J = 12.2 Hz, Bn-CH2), 4.93 (1H, d, J = 11.5 Hz, Bn-
CH2), 5.14 (1H, d, J = 7.9 Hz, 1’-H), 5.38 (1H, d, J = 11.9 Hz, Bn-CH2), 5.45 (1H, dd, J = 10.1, 
7.9 Hz, 2’-H), 5.59 (1H, d, J = 11.9 Hz, Bn-CH2), 7.24 (20H, m, Bn-Ar); 13C NMR (100 MHz, 
CDCl3) δ 170.3 (Ac-CO), 168.3 (1), 158.8 (3), 138.6 (Bn-Ar), 137.0 (Bn-Ar), 137.9 (Bn-
Ar), 135.7 (Bn-Ar), 128.7 (Bn-Ar), 128.6 (Bn-Ar), 128.6 (Bn-Ar), 128.4 (Bn-Ar), 128.4 
(Bn-Ar), 128.1 (Bn-Ar), 128.0 (Bn-Ar), 128.0 (Bn-Ar), 127.9 (Bn-Ar), 127.7 (Bn-Ar), 
127.6 (Bn-Ar), 118.6 (2), 110.5 (C(CH3)2), 99.4 (1’), 80.0, 75.1 (4), 74.8, 74.5, 74.3, 74.1 
(5), 73.7, 73.1, 72.5, 71.3 (2’), 68.3 (6), 65.4 (6’), 26.1 (CH3), 25.7 (CH3), 21.3 (CH3); HR-
ESI-MS (positive ion mode) m/z 803.3025 [M + Na]+ (calcd for C45H48O12Na, 803.3038). 





To a solution of ascorbate derivate 3 (2.00 g, 9.25 mmol) and K2CO3 (3.10 g, 22.43 mM) 
in DMSO (25 mL), was added BnBr (3.00 mL, 25.26 mmol). The solution was warmed to 
50 °C and stirred for 15 hrs. The reaction was then quenched with ice water, acidified 
with HCl (1 M), extracted with EtOAc, washed with water and brine, dried over anhyd. 
MgSO4 and the solvent removed in vacuo. The crude product was then purified by Si-gel 
chromatography (PE:EtOAc) to give 28 as a pale yellow solid (1.70 g, 4.29 mmol, 46%). 
1H NMR (400 MHz, CDCl3) δ 1.37 (3H, s, CH3), 1.41 (3H, s, CH3), 4.01 (1H, dd, J = 6.8, 8.5 
Hz, 6-Ha), 4.08 (1H, dd, J = 6.7, 8.5 Hz, 6-Hb), 4.25 (1H, td, J = 3.2, 6.8 Hz, 5-H), 4.53 (1H, 
d, J = 3.1 Hz, 4-H), 5.05-5.22 (4H, m, Bn-CH2), 7.30-7.45 (10H, m, Bn-Ar); HR-ESI-MS 
(positive ion mode) m/z 419.1447 [M + Na]+ (calcd for C23H24O6Na, 419.1465). 
2,3-O-Dibenzyl-L-ascorbic acid 29 [CAS#99663-32-8] 
 
Dibenzyl ascorbate derivative 28 (1.00 g, 2.52 mmol) was dissolved in DCM: MeOH (1:1, 
20 mL) and conc. HCl (1.5 mL) in water (1.5 mL) was added. The reaction was warmed 
to 40 °C and stirred for 40 min. Water and EtOAc were used to dilute the reaction 
mixture, which was subsequently extracted with EtOAc, washed with NaHCO3 and brine, 
dried over anhyd. MgSO4 and solvent removed in vacuo. Si-gel chromatography 
(PE:EtOAc) was used to purify the crude product to give 29 as a colourless oil (620 mg, 
1.74 mmol, 69%).  
1H NMR (400 MHz, CDCl3) δ 3.76 (1H, dd, J = 5.0, 11.4 Hz, 6-Ha), 3.81 (1H, dd, J = 5.6, 
11.4 Hz, 6-Hb), 3.91 (1H, td, J = 2.7, 5.3 Hz, 5-H), 4.69 (1H, d, J = 2.7 Hz, 4-H), 5.10 (1H, d, 




(1H, d, J = 11.7 Hz, Bn-CH2); 13C NMR (100 MHz, CDCl3) δ 169.3 (1), 157.2 (3), 136.0 (Bn-
Ar), 135.4 (Bn-Ar), 129.3 (Bn-Ar), 129.0 (Bn-Ar), 128.9 (Bn-Ar), 128.9 (Bn-Ar), 128.8 
(Bn-Ar), 128.0 (Bn-Ar), 121.2 (2), 110.2 (Bn-CH2), 76.1 (4), 70.0 (5), 63.4 (6) HR-ESI-MS 





2,3,4,6-O-tetrabenzyl-thiophenyl glucoside 32 [CAS#38184-10-0] 
 
To a solution of peracetate 17 (5.0 g, 12.8 mmol) in anhyd. DCM (10 mL) was added 
thiophenol (1 mL, 10 mmol). The solution was cooled to 0 °C, BF3 etherate (1.1 mL, 8.9 
mmol) was added dropwise and then the reaction was stirred at room temperature 
overnight. The mixture was diluted with DCM, washed with NaOH (0.5 M) and water, 
dried over anhyd. MgSO4, solvent removed in vacuo and recrystallized from di-
isopropylether to give 2,3,4,6-tetra-O-acetyl thiophenyl glucoside (4.9 g, 10.6 mmol, 
88%). 
2,3,4,6-tetra-O-acetyl thiophenyl glucoside (4.9 g, 10.6 mmol) was dissolved in MeOH 
(40 mL), NaOMe (0.4 M, 50 mL) was added dropwise at 0 °C and the reaction stirred 
overnight at rt. Solvent was removed under reduced pressure to give the deprotected 
thiophenyl glucoside which was used without further purification. 
The thiophenyl glucoside was dissolved in DMF (15 mL) at 0 °C under Ar. NaH (60% in 
oil, 4.0 g, 100 mmol) was added and the solution allowed to equilibrate for 15min. BnBr 
(BnBr 15 mL, 126.3 mmol) was added dropwise and the mixture warmed to room 
temperature overnight. The reaction was quenched with water at 0 °C, extracted with 
EtOAc, washed with water and brine, dried over anhyd. MgSO4 and solvent removed 
under reduced pressure. Purification with Si-gel chromatography (PE:EtOAc) gave 32 as 
a pale yellow oil (5.4 g, 6.1 mmol, 48% (3 steps)). 
1H NMR (400 MHz, CDCl3) δ 7.59 (2H, m, Ph), 7.31 (23H, m, Ph), 4.87 (4H, m), 4.63 (5H, 
m), 3.73 (4H, m), 3.52 (2H, m); HR-ESI-MS (positive ion mode) m/z 632.2589 [M + Na]+ 





2,3-O-Dibenzyl-6-O-(2,3,4,6-O-tetrabenzyl-β-D-glucopyranosyl)-L-ascorbic acid 33 
 
Thioglycoside 32 (650 mg, 1.02 mmol) and ascorbate derivative 29 (330 mg, 0.93 
mmol) were dissolved in anhyd. DCM (8 mL) with molecular sieves and stirred at -78 °C. 
NIS (300 mg, 1.33 mmol), followed by triflic acid (50 µL), were then added and the 
reaction allowed to warm to -50 °C over 5 hrs at which point the reaction was diluted 
with DCM and quenched with NaHCO3 and Na2S2O3. The organic layer was dried over 
anhyd. MgSO4 and solvent removed in vacuo to give a mixture of compounds which 
were purified by Si-gel chromatography (PE:EtOAc). Fractions containing a mix of α and 
β glycosides were combined and re-subjected to Si-gel chromatography (CHCl3:EtOAc) 
which yielded 33 as a colourless oil (40 mg, 0.05 mmol, 5%).  
1H NMR (400 MHz, CDCl3) δ 7.31 (30H, m, Bn-Ar), 5.20 (1H, d, J = 11.7 Hz, Bn-CH2), 5.11 
(2H, m), 4.90 (1H, m), 4.82 (2H, m), 4.73 (1H, d, J = 11.2 Hz, Bn-CH2), 4.67 (1H, d, J = 1.8 
Hz, 4-H), 4.52 (2H, m), 4.42 (1H, J = 7.8 Hz, 1’-H), 4.12 (1H, m, 5-H), 3.95 (2H, m), 3.63 
(4H, m), 3.48 (2H, m); 13C NMR (100 MHz, CDCl3) δ 169.7 (1), 157.2 (3), 138.6 (Bn-Ar), 
138.4 (Bn-Ar), 138.1 (Bn-Ar), 137.9 (Bn-Ar), 136.2 (Bn-Ar), 135.6 (Bn-Ar), 129.2 (Bn-
Ar), 128.7 (Bn-Ar), 128.5 (Bn-Ar), 128.1 (Bn-Ar), 128.0 (Bn-Ar), 127.9 (Bn-Ar), 121.3 
(2), 104.3 (1’), 84.7, 82.3, 77.7, 75.9, 75.5, 75.1, 75.0, 74.7, 74.0, 73.6, 73.5, 72.7, 68.8, 
68.5; HR-ESI-MS (positive ion mode) m/z 901.3529 [M + Na]+ (calcd for C54H54O11Na, 
901.3558). 





Ascorbyl glycoside 33 (40 mg, 0.05 mmol) was dissolved in DCM:MeOH (1:1, 4 mL) and 
5% Pd-C (20 mg) was added. The reaction was evacuated and stirred under an 
atmosphere of H2 for 4 hrs. Catalyst was removed by filtration and solvent removed in 
vacuo to give 34 (15 mg, 0.04 mmol, 88%). 
1H NMR (400 MHz, CDCl3) δ 4.95 (1H, d, J = 1.8 Hz, 4-H), 4.34 (1H, d, J = 7.8 Hz, 1’-H), 
4.14 (1H, ddd, J = 7.3, 6.3, 1.8 Hz, 5-H), 3.98 (1H, dd, J = 10.4, 6.3 Hz), 3.89 (1H, dd, J = 
12.0, 1.6 Hz), 3.67 (3H, m), 3.32 (5H, m); 13C NMR (100 MHz, CDCl3) δ 173.5 (1), 154.6 
(3), 119.9 (2), 104.9 (1’), 78.0, 77.9, 76.9, 75.0, 71.6, 71.4, 68.6 (6), 62.7 (6’); HR-ESI-MS 
(negative ion mode) m/z 337.0779 [M - H]- (calcd for C12H17O11, 337.0776). 
6-O-β-D-glucopyranosyl-L-ascorbic acid 34 [CAS#637334-66-8] 
 
6-O-(3,4,6-O-benzyl-β-D-glucopyranosyl)-L-ascorbic acid (100 mg) was dissolved in 
MeOH (5 mL), 5% Pd-C (20 mg) was added and the reaction placed under an 
atmosphere of H2 overnight. The mixture was filtered through celite and solvent 
removed in vacuo to give a mixture of glycosides (13 mg). HR-ESI-MS (negative ion 
mode) m/z 337.0771 [M - H]- (calcd for C12H17O11, 337.0776). 
2-O-Acetyl-3,4,6-O-benzyl-thiophenyl glucoside 35 [CAS#152871-96-0]  
 
To a solution of orthoester 25 (1.5 g, 2.96 mmol) in anhyd. DCM (8 mL) was added 
thiophenol (400 uL, 3.92 mmol). The solution was cooled to 0 °C and BF3 etherate (400 
uL, 3.24 mmol) was added dropwise. The mixture was allowed to warm to room 
temperature and stirred overnight. DCM was used to dilute the reaction which was 




removed in vacuo. Purification with silica gel chromatography (PE:EtOAc) gave 35 as a 
white powder (820 mg, 1.4 mmol, 48%). 
6-O-(2-O-acetyl-3,4,6-O-benzyl-β-D-glucopyranosyl)-L-ascorbic acid 36 
 
To a stirred solution of thioglycoside 35 (800 mg) in anhyd. DCM (10 mL) was added 
2,3-O-benzyl-L-ascorbic acid (800 mg) and NIS (600 mg). The mixture was cooled to -78 
°C and triflic acid (3 drops) were added. The reaction was stirred for 3 hrs and allowed 
to warm to -50 °C before it was quenched with water, extracted with DCM, washed with 
sodium thiosulfate and brine, dried over anhyd. MgSO4 and solvent removed in vacuo. 
Purification with Si-gel chromatography (PE:EtOAc) gave 36 and a by product (550 mg). 
1H NMR (400 MHz, CDCl3) δ 1.96 (3H, s, Ac-CH3), 3.53 (1H, m, 5’-H), 3.67 (4H, m, 3’, 4’ & 
6’), 3.83 (1H, dd, J = 10.7, 5.4 Hz, 6-H), 3.91 (1H, dd, J = 10.7, 7.1 Hz, 6-H), 4.09 (1H, ddd, 
7.1, 5.4, 1.9 Hz, 5-H), 4.39 (1H, d, J = 8.0 Hz, 1’-H), 4.54 (3H, m, 3xBn-CH2), 4.64 (1H, d, J = 
1.8 Hz, 4-H), 4.67 (1H, d, J = 11.4 Hz, Bn-CH2), 4.78 (1H, d, J = 10.9 Hz, Bn-CH2), 4.80 (1H, 
d, J = 11.5 Hz, Bn-CH2), 4.99 (1H, dd, J = 9.5, 8.0 Hz, 2-H), 5.08 (2H, m, 2xBn-CH2), 5.12 
(1H, d, J = 11.8 Hz, Bn-CH2), 5.21 (1H, d, J = 11.8 Hz, Bn-CH2), 7.31 (25H, m, Bn-Ar); 13C 
NMR (100 MHz, CDCl3) δ 169.8 (CO), 169.7 (1), 157.2 (3), 138.2 (Bn-Ar), 137.9 (Bn-Ar), 
137.8 (Bn-Ar), 136.2 (Bn-Ar), 135.6 (Bn-Ar), 129.2 (Bn-Ar), 128.72 (Bn-Ar), 128.71 (Bn-
Ar), 128.6 (Bn-Ar), 128.5 (Bn-Ar), 128.2 (Bn-Ar), 128.0 (Bn-Ar), 127.9 (Bn-Ar), 127.89 
(Bn-Ar), 127.83 (Bn-Ar), 127.82 (Bn-Ar), 121.3 (2), 101.7 (1’), 82.9 (3’/4’), 77.9 (3’/4’), 
75.4 (4), 75.3 (Bn-CH2), 75.2 (Bn-CH2), 75.0 (5’), 74.0 (Bn-CH2), 73.6 (Bn-CH2), 73.5 (Bn-
CH2), 73.1 (2’), 71.9 (6), 68.7 (6’), 68.2 (5), 21.0 (CH3); HR-ESI-MS (positive ion mode) 





6-O-(2-O-acetyl-β-D-glucopyranosyl)-L-ascorbic acid 37 
 
Ascorbyl glycoside 36 (90 mg, 0.1 mmol) was dissolved in DCM:MeOH (1:2, 4 mL) and 
5% Pd-C (25 mg) was added. The reaction was evacuated and stirred under an 
atmosphere of H2 overnight at room temperature. Catalyst was removed by celite 
filtration and solvent removed in vacuo to give 37 (38 mg, 0.1 mmol, 100%). 
1H NMR (400 MHz, CDCl3) δ 2.04 (3H, s, Ac-CH3), 3.30 (2H, m), 3.50 (1H, m), 3.63 (2H, m, 
6-H and 6’-H), 3.85 (1H, m, 6’-H), 3.94 (1H, dd, J = 9.44, 6.20 Hz, 6-H), 4.01 (1H, ddd, J = 
8.1, 6.2, 1.6 Hz, 5-H), 4.46 (1H, d, J = 8.0 Hz, 1’-H), 4.66 (1H, dd, J = 9.6, 8.0 Hz, 2’-H), 4.71 
(1H, d, J = 1.6 Hz, 4-H); 13C NMR (100 MHz, CDCl3) δ 172.1 (1), 154.4 (3), 119.8 (2), 
102.6 (1’), 78.0, 76.6 (4), 75.8, 75.3 (2’), 71.4, 70.8 (6), 68.0 (5), 62.5 (6’), 21.0 (CH3); 
HR-ESI-MS (negative ion mode) m/z 379.0896 [M - H]- (calcd for C14H19O12, 379.0882). 
2-O-(2-O-Acetyl-3,4,6-tri-O-benzyl-β-D-glucopyranosyl)-3-O-benzyl-L-ascorbic acid 39 
 
Ascorbyl glycoside 27 (500 mg, 0.64 mmol) was dissolved in MeOH:DCM (1:1, 15 mL). 
HCl:H2O (1:1, 2.5 mL) was added dropwise and the solution stirred at 40 °C for 60 min. 
The reaction was quenched by addition of water, extracted with EtOAc, washed with 
NaHCO3 and brine, dried over anhyd. MgSO4, solvent removed in vacuo and then 
purified using Si-gel chromatography (PE:EtOAc) to give 39 as a colourless solid (341 
mg, 0.46 mmol, 72%).  
1H NMR (400 MHz, CDCl3) δ 2.05 (3H, s, Ac-CH3), 3.53 (1H, m), 3.76 (m, 5H), 3.93 (1H, 
m), 4.46 (1H, d, J =12.0 Hz, Bn-CH2), 4.53 (1H, d, J = 12.1 Hz, Bn-CH2), 4.56 (1H, d, J = 




= 11.8 Hz, Bn-CH2), 5.61 (1H, d, J = 11.8 Hz), 7.28 (20H, m, Bn-Ar); 13C NMR (100 MHz, 
CDCl3) δ 170.2 (CO), 168.4 (1), 159.5 (3), 138.2 (Bn-Ar), 138.0 (Bn-Ar), 137.9 (Bn-Ar), 
137.5 (Bn-Ar), 135.5 (Bn-Ar), 128.9 (Bn-Ar), 128.8 (Bn-Ar), 128.6 (Bn-Ar), 128.6 (Bn-
Ar), 128.4 (Bn-Ar), 128.2 (Bn-Ar), 128.1 (Bn-Ar), 127.9 (Bn-Ar), 127.9 (Bn-Ar), 127.9 
(Bn-Ar), 127.6 (Bn-Ar), 118.6 (2), 99.4 (1’), 82.7, 77.6, 77.4, 76.1, 75.4, 75.3, 75.3, 75.7, 
73.6, 73.2, 70.1, 68.6, 63.3, 60.6, 21.2 (Ac-CH3); HR-ESI-MS (positive) ion mode) m/z 
763.2713 [M + Na]+ (calcd for C42H44O12Na, 763.2725). 
2-O-(2-O-Acetyl-3,4,6-tri-O-benzyl-β-D-galactopyranosyl)-3-O-benzyl-L-ascorbic acid 39a 
 
Ascorbyl glycoside 27a (200 mg, 0.26 mmol) was dissolved in MeOH:DCM (1:1, 8 mL). 
HCl:H2O (1:1, 1 mL) was added dropwise and the solution stirred at 40 °C for 60 min. 
The reaction was quenched by addition of water, extracted with EtOAc, washed with 
NaHCO3 and brine, dried over anhyd. MgSO4, solvent removed in vacuo and then 
purified using Si-gel chromatography (PE:EtOAc) to give 39a as a colourless solid (154 
mg, 0.21 mmol, 81%).  
1H NMR (400 MHz, CDCl3) δ 2.10 (3H, s, Ac-CH3), 3.65 (6H, m, 3’-H, 5’-H, 6-H2, 6’-H2), 
3.90 (1H, m, 5-H), 3.98 (1H, d, J = 2.8 Hz, 4’-H), 4.41 (1H, d, J = 11.7 Hz, Bn-CH2), 4.44 
(1H, d, J = 11.7 Hz, Bn-CH2), 4.58 (2H, dd, J = 11.9, 6.1 Hz, Bn-CH2), 4.63 (1H, d, J = 2.6 Hz, 
4-H), 4.7 (1H, d, J = 11.5 Hz, Bn-CH2), 5.15 (1H, d, J = 7.9 Hz, 1’-H), 5.45 (1H, d, J = 11.8 
Hz, Bn-CH2), 5.50 (1H, dd, J = 10.1, 7.9 Hz, 2’-H), 5.6 (1H, d, J = 11.9 Hz, Bn-CH2), 7.29 
(20H, m, Bn-Ar); 13C NMR (100 MHz, CDCl3) δ 170.3 (CO), 168.9 (1), 159.7 (3), 138.6 
(Bn-Ar), 137.9 (Bn-Ar), 137.8 (Bn-Ar), 135.6 (Bn-Ar), 128.7 (Bn-Ar), 128.6 (Bn-Ar), 
128.6 (Bn-Ar), 128.4 (Bn-Ar), 128.3 (Bn-Ar), 128.1 (Bn-Ar), 128.0 (Bn-Ar), 128.0 (Bn-
Ar), 127.9 (Bn-Ar), 127.7 (Bn-Ar), 127.6 (Bn-Ar), 118.3 (2), 99.5 (1’), 79.9 (5’), 76.1 (4), 
74.8 (Bn-CH2), 74.5 (Bn-CH2), 74.1 (3’), 73.7 (Bn-CH2), 73.0 (4’), 72.5 (Bn-CH2), 71.3 (2’), 
70.1 (5), 68.3 (6), 63.2 (6’), 21.2 (Ac-CH3); HR-ESI-MS (positive ion mode) m/z 763.2698 




2-O-(2-O-Acetyl-β-D-glucopyranosyl)-L-ascorbic acid 40 
 
To a solution of ascorbyl glycoside 39 (300 mg, 0.41 mmol) in MeOH (20 mL) and CHCl3 
(2 mL), was added 5% Pd-C (50 mg). The reaction was stirred under an atmosphere of 
H2 at room temperature for 2 hrs. The catalyst was removed by celite filtration and 
solvent removed in vacuo to give 40 as a white foam (148 mg, 0.39 mmol, 95%).  
1H NMR (400 MHz, CDCl3) δ 2.13 (3H, s, Ac-CH3), 3.49 (1H, t, J = 9.3 Hz, 6-H), 3.57 (1H, t, 
J = 9.2 Hz, 6-H), 3.66 (4H, m), 3.76 (1H, dd, J = 11.9, 4.5 Hz, 6’-H), 3.83 (1H, dd, J = 11.8, 
2.6 Hz, 6’-H), 3.92 (2H, m); 4.86 (2H, m, 2’-H & 4-H), 5.02 (1H, d, J = 8.1 Hz, 1’-H); 13C 
NMR (100 MHz, CDCl3) δ Ac-CO (169.6), 164.2 (1), 152.3 (3), 118.9 (2), 101.8 (1’), 77.5, 
76.8, 75.7, 74.9, 74.6, 70.8, 70.5, 63.3, 21.1 (Ac-CH3); HR-ESI-MS (negative ion mode) 
m/z 379.0854 [M - H]- (calcd for C14H19O12, 379.0882). 
2-O-(2-O-Acetyl-β-D-galactopyranosyl)-L-ascorbic acid 40 
 
To a solution of ascorbyl glycoside 39a (100 mg, 0.13 mmol) in MeOH (10 mL) and 
CHCl3 (0.5 mL), was added 5% Pd-C (20 mg). The reaction was stirred under an 
atmosphere of H2 at room temperature for 2 hrs. The catalyst was removed by celite 
filtration and solvent removed in vacuo to give 40 as a white foam (48 mg, 0.12 mmol, 
96%).  
1H NMR (400 MHz, CDCl3) δ 2.12 (3H, s, CH3), 3.68 (10H, m), 3.91 (4H, m), 4.97 (1H, d, J 
= 8.0 Hz, 1’-H), 5.17 (1H, t, J = 8.9 Hz, 4-H); 13C NMR (100 MHz, CDCl3) δ 172.6 (CO), 










Chapter 6: Conclusion 
6.1. Summary of results  
The original proposed direction of this thesis was to build on the apparent lack of 
knowledge regarding the long distance translocation of secondary metabolites in plants. 
This was spurred by the proposed mechanism for the transport of the toxin tutin in 
Coriaria shrubs via glycosylation (Watkins et al., 2018). The detection of what was 
thought to be an ascorbyl glycoside in crab apples sparked the theory that this 
metabolite may also be utilised in long distance transport. Given the importance of 
ascorbate to both plants and humans, combined with it being identified in a popular 
crop such as apples, the ascorbyl glycoside was an obvious candidate for further study 
(Smirnoff, 2018). 
The isolation and characterisation of the crab apple metabolite was aided greatly by the 
synthesis of ascorbyl glycosides, which was undertaken in parallel to the research 
conducted on plant samples. This allowed for both the development of derivatisation 
methodology, and comparison of the natural product to synthetic standards. The 
definitive assignment of the ascorbyl glycoside as AA2βGlc was only the third reported 
occurrence of an ascorbyl glycoside from plants, and the second of this particular 
glycoside (Toyoda-Ono et al., 2004; Hancock et al., 2008). The apparent rarity of 
ascorbyl glycosides was noted as surprising given the ubiquitous nature of ascorbate 
and the frequency with which glycosides of other plant metabolites are identified 
(Smirnoff, 2018; Yahia, 2018).  
The screening of domestic apple cultivars, and many other well-known Rosaceae fruit 
crops, revealed that an ascorbyl glycoside is in fact very common in these plants. The 
inclusion of leaf samples in this study was crucial, as AA2βGlc was found in the leaves of 
all crops, but was at very low concentrations in most fruits of the same plants. A 
quantitative investigation of AA2βGlc in five apple genotypes was carried out to assess 
whether this metabolite was affected by seasonal variation. It was found that AA2βGlc 
was typically lowest in early spring (October), but increased significantly prior to the 




genotypes as well as in fruits of crab apples. The trend is notably different to that of 
ascorbate which is highest in spring and subsequently declines. This is due to its role in 
growth and development of young tissues (Smirnoff, 2018). Based on the prevalence 
and distribution of AA2βGlc in both apples and other crops, as well as its stability, it was 
suggested that the metabolite was a good candidate for the translocation of ascorbate 
via phloem.  
 Several different approaches were employed to test the hypothesis that AA2βGlc was 
utilised by plants as a stabilised form of ascorbate that could facilitate transport 
between source and sink tissues. While initial attempts to analyse phloem exudates 
were largely unsuccessful, development of collection methodology achieved consistent 
results. The presence of AA2βGlc in virtually all exudates was seen as a promising sign 
that this metabolite was indeed transported via phloem. This was supported by 
AA6βGlc having previously been reported in the phloem of zucchini (C. pepo), indicating 
a common function (Hancock et al., 2008). However, the low concentration of AA2βGlc 
compared to both sorbitol and ascorbate indicated that it may not play a major role in 
this process. Enzyme assays, specifically glucosidase assays, were developed to 
determine which plant tissues were capable of hydrolysing AA2βGlc. It was proposed 
that domestic cultivars would actively convert AA2βGlc to ascorbate during unloading 
of phloem, but that crab apples would lack this activity. Such a difference would explain 
the high concentration of AA2βGlc in crab apples and provide evidence for the 
translocation hypothesis. While a generic pNPG assay showed that leaves and stems had 
greater β-glucosidase activity than fruit, none of the apple tissues included in this study 
exhibited glucosidase activity on AA2βGlc. This result did not provide any further 
evidence for the proposed role of AA2βGlc in ascorbate transport. 
This research has dramatically expanded on the knowledge of ascorbyl glycosides in 
plants. While previously thought to be rare, it is now known that they are present in a 
large selection of crops (Toyoda-Ono et al., 2004; Hancock et al., 2008). The fact that a 
common modification to one of the most well studied plant metabolites has gone 
unnoticed in a wide variety of well-known and industrially grown crops is extremely 
surprising. The extent to which this metabolite has been overlooked is a testament to 
several features of this research which led to its identification. Firstly the importance of 




led to the identification of this metabolite (Cho, 2016). Without exploratory 
investigations such as these, important chemistry can be unknowingly ignored, 
examples of which are scattered throughout the phytochemical literature (Caesar et al., 
2019). These include the discovery of polyphenolic amides in potatoes, triterpene 
caffeates in apples and pears, as well as the tutin-glycosides in Coriaria (Parr et al., 
2005; Andre et al., 2013; Larsen et al., 2015). The second important factor is the 
inclusion, and individual analysis, of different plant tissues. An understandable bias 
towards the edible tissues of crops can also lead to blind spots with regard to the plants’ 
phytochemical composition. Had leaves and phloem not been included in this 
investigation, AA2βGlc would be assumed to be unique to crab apple genotypes. The 
proposed involvement of AA2βGlc in ascorbate transport was investigated from several 
different angles, but further investigation in this area is needed to reach a definitive 
conclusion. While some results indicate that transport is likely, others suggest that 
AA2βGlc may be produced for different reasons, as are many of the other glycosides 





6.2. Further work  
6.2.1. Transport of AA2βGlc 
The most obvious avenue for further work lies in the hypothesised translocation of 
ascorbate via glycosylation. Not only were the results of this investigation inconclusive, 
but several aspects of the study could be improved. The underlying downfall of the final 
phloem analyses and enzyme assays was the timing of sample collection, which was 
conducted at full fruit maturity (late summer). Given the time constraints of the project, 
sampling at this late stage was the only way to obtain results, but it is far from the ideal. 
The analysis of fruit and leaf tissue over a season demonstrated that AA2βGlc 
accumulated rapidly between October and December. To get the best indication of how 
this accumulation occurs, whether by transport or in situ biosynthesis, sampling must 
be conducted at multiple points in the period of AA2βGlc accumulation. The degree of 
replication in the experiments could also be improved. The practicalities of travelling 
from Dunedin to Havelock North for sample collection, and the subsequent transport to 
Palmerston North for processing and analysis, placed considerable limitations on 
experimental design. Greater accessibility to the trees of interest would allow for 
repeated analyses of both phloem and enzyme extracts. By replicating these analyses 
any differences between genotypes or plant parts would become evident. Lastly, other 
plant tissues, particularly alternative sinks for AA2βGlc, such as roots and young shoots, 
should be included in the analysis. Quantitation of AA2βGlc in these tissues and their 
phloem exudates may fill the gaps currently missing in the transport process. 
Further work in this area should also consider the application of different technology. 
The methods of phloem exudation developed served their purpose, but alternative 
approaches exist and may yield different results. While insect stylectomy would provide 
a less invasive approach, MALDI-MSI (Matrix Assisted Laser Desorption Ionisation – 
Mass Spectrometry Imaging) is also a viable option (Dinant et al., 2010; Bhandari et al., 
2015). It has been shown that ion images of twig cross sections can be measured with 
good resolution (Fig. 6.1). Such imaging analyses may be able to show whether both 
AA2βGlc and ascorbate are localised in phloem veins, or if ascorbate is contaminating 
exudates via leakage from surrounding cells. Similar imaging analyses showing the 
cross section of fruit may also reveal if phloem unloading of AA2βGlc occurs in a similar 




staining (Tedone et al., 2004). Some preliminary work using MALDI-MSI was conducted 
by the author in collaboration with Andrew Dare of Plant & Food Research. Standard 
solutions of ascorbate and AA2βGlc were analysed successfully, but the same 
metabolites were not easily identified in plant extracts and the method was not pursued 
further. Should this approach be utilised, it would be important to collect twig sections 
between October-December.  
 
Fig. 6.1. Cross section of a Royal Gala stalk examined by MALDI-MSI. Colours indicate 
changes in the concentration of phlorizin (m/z 435.6712), a dihydrochalcone found in 
apples (unpublished work completed by Andrew Dare, Plant & Food Research, Auckland). 
The most promising approach to determine how AA2βGlc is accumulated, and whether 
it is transported from leaves, lies with biological methods combined with analytical 
chemistry. The assays described in Chapter 4 are merely the beginning of what is 
possible with the more time and expertise in this area. These assays were also subject to 
the same limitations regarding collection date and lack of replication discussed in the 
preceding paragraphs. With a suitable sample set the AA2βGlc assay may yield more 
promising results, the development of a glycosyltransferase assay would also add 
significant value. Showing that enzymes extracted from crab apple fruits are capable of 
synthesising AA2βGlc would be strong evidence to suggest that the high concentrations 
observed are a result of in situ biosynthesis, and not translocation from leaves. Testing 
glycosyltransferase assays should start with UDP-glucose as a precursor, since apples 
are known to utilise this derivative in the glycosylation of phloretin to give phlorizin 




as it is possible that a different substrate is utilised to form AA2βGlc. Alternative 
biochemical and genetic approaches may also be utilised, such as identification of 
candidate genes in the apple genome and subsequent cloning of the respective enzymes 
for trial assays. 
 
Fig. 6.2. Phloretin is glycosylated to produce phlorizin by a glycosyltransferase using UDP-
glucose as a glucose donor. UDP = uridine diphosphate. 
Labelled metabolites are also a possible way in which to provide conclusive evidence for 
or against the transport hypothesis. Although technically difficult to implement and 
potentially costly, there are examples where these approaches have been very 
successful. The transport of glucosinolates in brassicas (Section 4.1.1.), flavonoids in 
Arabidopsis, and methyl jasmonate in tobacco have all been unequivocally 
demonstrated by either isotope incorporation, radiolabelling or fluorescent tagging 
(Chen et al., 2001; Buer et al., 2007; Thorpe et al., 2007). Application of labelled AA2βGlc 
to the leaves of crab apples and subsequent detection of the labelled metabolite in 
phloem exudates, stems, and finally fruit would be definitive proof of translocation. If 
this were to be attempted, the obvious labelling strategy would be stable isotope 
incorporation in AA2βGlc. Since a reliable synthesis of this metabolite was developed as 
part of this research, incorporation of one or more 13C atoms should be straight 
forward. Detection of the resulting metabolite would also be straight forward in theory, 
as the mass difference would be apparent by LC-MS. However, given the many 
procedures and practicalities involved in setting up such an experiment, it would likely 
be complex, costly, and require a significant amount of method development and 




Overall, further work to elucidate the transport of ascorbate via glycosylation should 
include: sample collection in spring (October-December); analysis of additional sink 
tissues; greater replication; and an emphasis on the biological processes by means of 
enzyme assay development. Experiments such as MALDI-MSI and labelled metabolites 
have similar potential, but the barrier to entry is comparatively high for these more 
complex technologies. 
6.2.2. High vitamin C apples 
The discovery of AA2βGlc in a variety of crops, and its potential role in ascorbate 
transport, has a clear application to the horticulture industry. So far this thesis has not 
explicitly examined this application, but has rather focused on the fundamental science 
of this metabolite and its function in planta. However, any further work in this area is 
likely to be focused on a single outcome and therefore it should be addressed. This 
application is the selective breeding of a new apple cultivar, or potentially other crop, 
with enhanced levels of vitamin C. The desire to breed such a cultivar is a result of 
several factors. Firstly, ascorbate is well known for its beneficial effects on human 
health, and plants with higher concentrations would make it easier to obtain from 
dietary sources (Macknight et al., 2017; Yahia, 2018). This directly leads to the second 
reason, which is that consumers have expressed interest in high vitamin C crops 
(Kassardijan, 2006). This means that there are not only nutritional benefits, but also the 
possibility to add commercial value to one of the most popular fruits in the world. 
Lastly, higher concentrations of ascorbate have been shown to lengthen the shelf life of 
apples, making them more suitable to long distance export which is commonplace in the 
industry (Macknight et al., 2017). 
The ability to increase the level of vitamin C in edible plant tissue is not a new concept 
and has been approached in a variety of ways (Macknight et al., 2017). Since the 
biosynthesis of vitamin C was established, each step of the process could be 
manipulated and the effect on ascorbate accumulation monitored. Investigations of this 
nature have found that the primary rate determining enzyme in many plants is GGP 
(GDP-L-galactose phosphorylase), although other enzymes also influence accumulation 
(Laing et al., 2007; Bulley et al., 2009; Bulley et al., 2012; Mellidou et al., 2012; Ishikawa 
et al., 2018). Scientists of Plant & Food Research have discovered that the expression, 




an upstream open reading frame (uORF) (Bulley et al., 2009). Disabling this uORF, by 
way of genetic modification with CRISPR CAS, breaks the feedback loop and results in 
dramatically increased concentrations of vitamin C (Laing et al., 2015). This been 
demonstrated in a variety of crops including tobacco, potato, blueberry, tomato and 
strawberry (Bulley et al., 2012; Macknight et al., 2017). The vitamin C content of these 
modified plants typically shows a 3-6 fold increase over normal concentrations. GGP 
expression has also been correlated to the vitamin C concentration of apples, but 
appears to have less influence than in other crops (Mellidou et al., 2012). This result 
suggests that another mechanism is limiting the accumulation of ascorbate in apple 
fruits. It is possible that that the transport of ascorbate from leaf to fruit is causing a 
bottleneck in the accumulation of fruit ascorbate, in which case understanding the role 
of AA2βGlc would be crucial to increasing ascorbate content of fruit. 
Confirming whether AA2βGlc is the transported form of ascorbate, and identifying the 
enzymes involved, would allow this process to be selected for in crops leading to an 
enhanced ability to transport and accumulate ascorbate. However, the presence of 
AA2βGlc in crab apples provides an alternative. It has been demonstrated in rats that 
ingestion of AA2βGlc leads to release of ascorbate in the body (Toyada-Ono et al., 2005). 
This means that the glycoside can be viewed as pro-vitamin C, in a similar way that β-
carotene is pro-vitamin A as it is cleaved to give 11-cis retinol (Yahia, 2018). Since 
AA2βGlc is naturally found at very high concentrations in crab apples, they are an 
extremely good source of vitamin C. If the accumulation of AA2βGlc in crab apples could 
be replicated in a domestic cultivar, the goal of a high vitamin C would be indirectly 
achieved. While a full understanding of the mechanism by which AA2βGlc is 
accumulated would fast track this process, it is not essential knowledge. Crossing crab 
apples with domestic cultivars may allow for a new variety to be developed, with both 
high AA2βGlc content and desirable eating qualities.  
The possibilities outlined in the preceding paragraphs are being actively pursued by 
scientists at Plant & Food Research with the intention to build on the knowledge of 
ascorbate accumulation and how it can be incorporated into new cultivar development. 
It is hoped that the knowledge presented in this thesis may provide a foundation for 
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Appendix 1. Quantitative LC-MS data 
A1.1 Quantification of ascorbate and AA2βGlc in apples from Havelock North 
Table A1.1. Whole fruit analyses of apple cultivars  
  October 2017 December 2017 February 2018 
Genotype AA2βGlc Conc. Std. Dev. AA2βGlc Conc. Std. Dev. AA2βGlc Conc. Std. Dev. Ascorbate Conc. Std. Dev. 
ABGS0009 264.5 66.3 708.5 305.2 393.2 32.6 19.3 0.5 
ABGS0969 255.6 52.0 640.5 194.0 126.9 24.0 24.1 1.6 
M. sylvestris 410.2 84.5 919.5 118.7 516.8 93.9 21.1 1.1 
Braeburn  7.5 10.5 4.0 6.2 0.4 0.4 29.7 5.5 
Royal Gala 0.0 0.0 0.7 0.2 0.4 0.6 14.3 2.9 
All values given as a mean with n = 3 and units of mg/100 g FW 
 
Table A1.2. Fruit peel and flesh analyses 
 Fruit peel Fruit flesh 
Genotype AA2βGlc Conc. Ascorbate Conc. AA2βGlc Conc. Ascorbate Conc. 
ABGS0009 412.1 59.4 91.5 18 
ABGS0969 618.3 32 245.0 17.1 
M. sylvestris 1638.5 45.1 97.7 21.7 
Braeburn  2.1 64.5 0.0 17.8 
Royal Gala 1.0 32.8 0.0 12.2 





Table A1.3. Mature leaf analyses of apple cultivars  
  October 2017 December 2017 February 2018 
Genotype AA2βGlc Conc. Std. Dev. AA2βGlc Conc. Std. Dev. AA2βGlc Conc. Std. Dev. Ascorbate Conc. Std. Dev. 
ABGS0009 6.3 2.2 21.9 1.6 17.2 1.0 494 138 
ABGS0969 7.5 0.3 19.0 2.1 17.5 8.3 495 138 
M. sylvestris 5.7 1.6 22.2 2.2 20.4 1.9 734 123 
Braeburn  7.0 0.7 25.5 5.0 24.5 3.6 513 85 
Royal Gala 3.8 0.6 12.8 4.3 11.9 0.5 371 56 
All values given as a mean with n = 3 and units of mg/100 g FW 
 
Table A1.4. Young leaf analyses of apple cultivars  
  October 2017 December 2017 February 2018 
Genotype AA2βGlc Conc. Std. Dev. AA2βGlc Conc. Std. Dev. AA2βGlc Conc. Std. Dev. Ascorbate Conc. Std. Dev. 
ABGS0009 4.8 0.7 21.8 0.6 13.1 4.9 212 51 
ABGS0969 2.5 1.1 17.8 2.2 31.1 5.6 320 111 
M. sylvestris 9.7 1.9 33.4 10.8 39.2 4.4 486 50 
Braeburn  5.9 2.9 30.9 3.5 39.6 3.9 389 9 
Royal Gala 3.5 1.7 14.8 0.1 18.4 1.4 325 34 








A1.2 Quantification of ascorbate and AA2βGlc in Rosaceae and other fruit crops from Clyde 
Table A1.5. Whole fruit analyses 
Crop AA2βGlc Conc. Std. Dev. Ascorbate Conc. Std. Dev. 
Crab apple 79.44 9.49 12.56 2.41 
Apple 0.29 0.10 17.53 3.73 
Apricot 1 0.32 0.04 9.80 4.11 
Apricot 2 0.11 0.02 9.86 4.83 
Apricot 3 2.09 3.45 12.89 7.27 
Apricot 4 0.06 0.01 2.82 1.41 
Peach 1 0.13 0.01 8.73 1.04 
Peach 2 0.10 0.11 11.86 10.46 
Plum 0.10 0.01 11.48 1.55 
Cherry (Sour) 0.32 0.05 5.24 0.49 
Cherry (Sweet) 0.17 0.08 3.68 2.75 
Blueberry 1 0.06 0.05 9.12 7.28 
Blueberry 2 0.12 0.03 12.20 6.79 
Kiwiberry (Arguta) 1 0.26 0.03 80.39 9.27 
Kiwiberry (Arguta) 2 0.23 0.02 138.50 40.42 
Kiwiberry (Arguta) 3 0.27 0.02 66.38 3.84 
Raspberry 1 0.09 0.01 32.77 3.18 
Raspberry 2 0.01 0.01 19.27 16.73 
Raspberry 3 0.02 0.02 24.78 21.28 
Pears 0.08 0.04 23.23 4.34 
Sweet Briar 0.49 0.11 185.93 24.50 








Table A1.6. Mature leaf analyses 
Crop AA2βGlc Conc. Std. Dev. Ascorbate Conc. Std. Dev. 
Crab apple 6.13 1.14 228.65 28.33 
Apple 3.30 0.07 188.14 9.66 
Apricot 1 2.74 0.22 63.75 7.69 
Apricot 2 1.36 0.06 54.78 15.95 
Apricot 3 1.07 0.09 42.35 22.62 
Apricot 4 1.18 0.06 20.44 10.40 
Peach 1 0.84 0.15 225.65 75.10 
Peach 2 1.02 0.04 177.27 30.58 
Plum 1.52 0.02 175.67 39.64 
Cherry (Sour) 0.82 0.11 122.82 33.69 
Cherry (Sweet) 0.77 0.17 76.43 20.28 
Blueberry 1 0.39 0.12 78.75 44.99 
Blueberry 2 0.41 0.02 38.24 19.59 
Kiwiberry (Arguta) 1 0.34 0.09 33.71 13.80 
Kiwiberry (Arguta) 2 0.61 0.17 222.73 102.18 
Kiwiberry (Arguta) 3 0.49 0.05 35.79 2.80 
Raspberry 1 0.51 0.08 158.72 4.38 
Raspberry 2 1.60 0.32 148.31 4.81 
Raspberry 3 2.18 0.35 181.43 27.64 
Pears 0.91 0.46 43.05 28.67 
Sweet Briar 3.62 0.60 130.43 15.96 





Appendix 2. Picrotoxanes of Coriaria 
The chemistry of the Coriaria genus was initially of interest to this research because of 
the mechanism by which the picrotoxane tutin was thought to be transported from 
source to sink tissues (Chapters 1 & 4) (Watkins et al., 2018). Experiments designed to 
provide further evidence for this hypothesis were planned, but never carried out. This 
was primarily because the focus of this research project shifted towards the 
investigation of ascorbyl glycosides in apples, an area much broader interest. However, 
a large selection of Coriaria specimens were analysed by LC-MS, as a preliminary 
screening for picrotoxanes, and this data is presented in the following pages. 
A2.1. Introduction  
Tutu 
The Coriariaceae family contains a single genus, Coriaria (Fig. A2.1.)(Brownsey et al., 
2016). Members of this genus are found throughout Asia, South America and parts of 
Europe (Yokoyama et al., 2000). The disjunct distribution of this genus also extends to 
New Zealand, where eight native Coriaria species grow, seven of which are endemic 
(Yokoyama et al., 2000; Brownsey et al., 2016). These are C. angustissima Hook. F., C. 
arborea Linds., C. lurida Kirk, C. plumosa W. R. B. Oliv., C. pottsiana W. R. B. Oliv., C. 
pteridoides W. R. B. Oliv., C. kingiana Colenso and C. sarmentosa G. Forst. (Brownsey et 
al., 2016). While Coriaria species can be found throughout New Zealand, some 
individual species are localised to specific geographical regions (Brownsey et al., 2016). 
The plants bear small black fruit, have glossy leaves and may range from alpine shrubs 
to small trees several meters high (Brownsey et al., 2016). The New Zealand Coriaria 






Fig. A2.1. Coriaria arborea, commonly known as tutu. 
Tutu is well known for its highly toxic secondary metabolites which have caused the 
deaths of many cattle and even a circus elephant that was unfortunate enough to ingest 
the plant (Easterfield and Aston, 1901; Palmer-Jones, 1949). The most recent human 
encounter with the neurotoxins present in tutu was in 2014 (Lauren, 2015). A man 
tramping in Auckland mistook the plant for an edible species and subsequently suffered 
a severe seizure resulting in hospitalisation for several weeks (Lauren, 2015). A much 
more common way in which these toxins may enter the human diet is via honey 
(Sutherland, 1992; Goodwin, 2013). When passionvine hoppers, Scolypopa australis, 
feed on tutu sap they excrete honeydew containing toxins which are then collected by 
honeybees, Apis mellifera, and can result in the contamination of honey (Goodwin, 2013; 
Larsen et al., 2015; Watkins et al., 2018). This has occurred in New Zealand on a number 
of occasions since 1837 when the honeybee, Apis mellifera, was introduced to the 
country and has prompted research into the identity and origins of these toxins 
(Easterfield et al., 1901; Palmer-Jones, 1947; Palmer-Jones, 1947; Sutherland, 1947; 
Sutherland, 1947; Palmer-Jones, 1949; Sutherland, 1992; Goodwin, 2013). 
Picrotoxanes 
While it has been known for centuries that the tutu shrub is poisonous, the major toxin 
was only isolated in 1901 (Easterfield et al., 1901). This compound was given the name 
tutin and subsequently found to be an oxygenated sesquiterpene belonging to a class of 
plant derived neurotoxins known as picrotoxanes (Fig. A2.2.)(Easterfield et al., 1901; 
Gossinger, 2010). Such secondary metabolites have been reported in many of the 
Coriaria species, both native and exotic, while other picrotoxane producing plants 




(Gossinger, 2010). Dendrobium (Orchidaceae) is the only genus from either of these 
families with plants native to New Zealand, but the chemistry of these plants has not 
been reported (Gossinger, 2010; Brownsey et al., 2016). Further investigation into the 
honeydew of tutu uncovered a second toxin, hydroxy-tutin, which was initially dubbed 
mellitoxin, but subsequently renamed to hyenanchin (Fig. A2.2.)(Sutherland, 1947; 
Hodges and White, 1964; Hodges, 1966; Sutherland, 1992). While hyenanchin was 
identified in honeydew and contaminated honey it was absent in tutu leaves, young 
shoots and stems (Sutherland, 1947; Palmer-Jones, 1949; Hodges, 1966). This led 
researchers to propose that hyenanchin was synthesised from tutin in the gut of the 
passionvine hopper and thus excreted in honeydew (Sutherland, 1947; Palmer-Jones, 
1949). However, a second plausible explanation was that hyenanchin may have been 
concentrated in phloem as this is the tissue fed upon by passionvine hoppers (Watkins 
et al., 2018). 
 
Fig. A2.2. Structure of the picrotoxane tutin and its derivatives identified in contaminated 
honey and Coriaria arborea. 
In Sutherland’s later review of New Zealand toxic honey he stated that “...the currently 
quantified toxic components account for perhaps as little as half of the total toxicity of 
the [contaminated] honey” (Sutherland, 1992). He went on to suggest that these missing 




tutin, hydroxytutin [hyenanchin] or other amaroids [picrotoxanes]” (Sutherland, 1992). 
A more recent pharmacokinetic study of toxic honey also concluded that additional 
tutin related toxins must be present in order explain a second, delayed, peak in tutin 
concentration in the blood (Fields et al., 2014). Subsequent LC-MS analysis of toxic 
honey revealed the presence of two new tutin derivatives, a mono- and diglucoside (Fig. 
A2.2.)(Larsen et al., 2015). The only other known picrotoxane glycosides were isolated 
from Dendrobium (Gossinger, 2010). The tutin glycosides, like hyenanchin, were 
originally thought to be a product of insect metabolism (Larsen et al., 2015). In this case 
it was hypothesised that honeybees may glycosylate tutin as a detoxification mechanism 
as is known to occur for other metabolites (VanDoorn et al., 2015). However, toxicity 
studies showed that the concentration of tutin in honeydew was far below that 
necessary to harm the honeybee (Larsen et al., 2015). 
Recent Progress 
The most recent study of tutin derivatives set out to determine the origin of these 
metabolites. This was achieved utilising LC-MS to analyse the passionvine hoppers, the 
honeydew they excrete, and the individual tissues of the tutu plant itself. While the tutin 
derivatives were found to be present in honeydew and hoppers, they could also be 
detected in plant tissue, prior to insect interference, thus confirming the toxins were 
synthesised in planta and not a product of insect metabolism. Roots and woody stems 
were both found to have low concentrations of tutin and its derivatives, which was 
consistent with previous claims that these parts of the plants were less toxic (Palmer-
Jones, 1949; Watkins et al., 2018). Leaves had an abundance of tutin, presumably to act 
as an anti-feedant, but lacked other tutin derivatives. The most interesting result was 
the high concentration of tutin derivatives in phloem. This finding explained the 
presence of tutin derivatives in honey and absence in leaves, since hoppers feed directly 
on phloem. In addition to confirming the origin of the tutin derivatives, the analysis of 
individual plant tissues gave insight into a possible tutin transport process based on the 
distribution of derivatives (Chapter 1 & 4) (Watkins et al., 2018). 
Distribution of picrotoxanes in Coriaria 
Up to this point virtually all research into the toxins of New Zealand Coriaria has been 




et al., 2000; Larsen et al., 2015; Watkins et al., 2018). While contaminated honey has 
also been studied, it is impossible to pinpoint which of the Coriaria species was the 
source of the toxins found in the sample. Whether the other seven native Coriaria 
species produce a similar profile of picrotoxanes is as yet unknown. Previous studies 
into the chemistry of New Zealand Coriaria species did little more than establish that 
toxins are present, with the exception of research conducted on C. arborea (Easterfield 
et al., 1901; Yokoyama et al., 2000; Larsen et al., 2015; Watkins et al., 2018). However, 
investigations into the chemistry of non-native Coriaria species have revealed a rich 
assortment of secondary metabolites including a wide variety of picrotoxanes (Table 
A2.1 and associated refs.). Among the most well studied species are C. nepalensis, of the 
Himalayas, and C. japonica, found primarily in Japan and Taiwan. Between these two 
species 18 distinct picrotoxanes have been isolated, including tutin and coriamyrtin, as 
well as many other related metabolites (Table A2.2). Given the wide variety of 
picrotoxanes found in non-native Coriaria species seems possible that the New Zealand 
Coriaria species may produce more complex picrotoxane profiles than simply tutin and 
hyenanchin.  
 
Table A2.1. Picrotoxanes of the Coriaria genus 
Name MF MW Structure 
Tutin (Craven, 1963; Okuda 




Apotutin (a.k.a β-tutin)(Wei 











































Coriatin (Okuda et al., 1987) C15H20O6 296.32 
 
 


















Corianol (Zhao et al., 2012) C16H22O7 326.35 
 
 







































The presence of additional picrotoxanes, in either C. arborea or any other native 
Coriaria species, is of interest for several reasons. Firstly, if additional toxins are 
identified in plant tissue it is likely that they may also end up in honey (Goodwin, 2013). 
Depending on the quantities and toxicity of the metabolites present this may pose a 
significant risk to food safety. The profile of secondary metabolites from native Coriaria 
species is also of taxonomic interest. The geographic distribution of the Coriaria genus 
has been described as the most conspicuously disjunct of the flowering plants 
(Yokoyama et al., 2000). Further investigation, based on molecular phylogeny, 
categorised a selection of the species into two distinct groups, one in Europe and Asia, 
and the other in the Pacific and South America. A mechanism for the separation which 
opposed the original theory based on continental drift was also proposed (Yokoyama et 
al., 2000). A chemotaxonomic investigation of these species may reveal whether the 
similarities in chemistry align with those based on DNA. I now report an LC-MS analysis 
of all 8 native Coriaria species as well as 5 non-natives analysed for comparisons. 
Table A2.2. Known chemistry of Coriaria 




 (plant part) 
C. angustissima Hook. F. New Zealand (S. 
Is., Stewart Is.) 
Tutin (leaf, stem)3, 4  - 





hyenanchin (leaf, stem, 
phloem, root), tutin-
diglucoside (phloem, 
stem)3, 4, 5 
 - 
C. duthiei D. K. Sing & Pusalkar Pakistan to W. 
Himalaya 
-  - 
C. japonica A. Gray Taiwan, N. & C. 
Japan 
Coriamyrtin (leaf, 
fruit), tutin (leaf, seed) 
Coriarin (seed), 
Corianin (seed), 
Coriatin (young leaf, 
stem)6 
Tannins, kaempferol, 
ellagic and gallic acids 
(leaf)7, Coriose (fruit, 
leaf, stem, root)8  









C. kingiana Colenso New Zealand 
(N. Is.) 
 - -  
C. thymifolia var. undulata Petrie 
C. lurida var. undulata Allan 
C. kweichovensis Hu S. & C. China  - -  
C. lurida Kirk  New Zealand  Tutin10  - 
C. luracparva Allan 
C. myrtifolia L.  W. 
Mediterranean 
to W. Greece 
Coriamyrtin (leaf)11  Gallotannin, gallic acid, 
quercetin (leaf)12, 
anthocyanins (fruit)13  
C. hermaphrodita Turra 
C. tinctoria Dulac 













A and B (roots)17  
Braylin, norbraylin, 
gallic acid (root)14, 
oleanolic, bryonolic 





A and B (fruit)20  
C. sinica Maxim. 
Morus calva H. Lev. 
C. plumosa W. R. B. Oliv. New Zealand  Tutin (stem, leaf)4  - 
C. lurida var. parviflora Cockayne 
& Allan 
C. pottsiana W. R. B. Oliv. New Zealand 
(N. Is.) 
 - -  
C. pteridoides W. R. B. Oliv.  New Zealand 
(N. Is.) 
 Tutin (stem and leaf)4 -  
C. lurida var. acuminata Cockayne 
& Allan 
C. ruscifolia L. New Guinea to 
S. Pacific (Inc. 




corianin (fruit)21  
Ursolic acid, quercetin 
galactosides, avicularin 
(fruit/leaves/stem)22, 
ellagic acid (fruit)21  
C. ruscifolia subsp. microphylla Poir. New Guinea to 
New Zealand, 
Mexico to Peru 
Tutin, coriamyrtin, 
coriatin, corianin 
(leaf)3, 23  
Leonine (sesquiterpene 
lactone)24  C. thymifolia Humb.  
C. papuana Warb. 
C. x sarlurida Cockayne & Allan (lurida 
ruscifolia hybrid) 
New Zealand - - 
C. x sarmangusta Allan (angustissima 
sarmentosa cross) 




C. sarmentosa G. Forst* New Zealand to 
S. Pacific, C. & 
S. Chile to SW. 
Argentina 
 Tutin (leaf, stem)4 -  
C. terminalis Hemsl C. & E. 
Himalaya to 
China (Sichuan) 
Tutin (leaf, stem)4  - 
*Not an accepted name according to the plant list (which lists it as a synonym for C. ruscifolia L.), but NZ Flora 
has it listed as its own species.1, 25  
Table A2.2 References: 1 – (List, Accessed 20/01/2017). 2 – (Yokoyama et al., 2000). 3 – (Easterfield et al., 
1901). 4 – (Lowe and White, 1972). 5 – (Larsen et al., 2015). 6 – (Okuda, 1954; Okuda, 1961; Okuda et al., 
1987; Kinoshita et al., 2005). 7 – (Kariyone et al., 1937; Hatano et al., 1992). 8 – (Okuda and Konishi, 1968). 9 – 
(Maranon, 1932; Chang et al., 1995). 10 – (Slater, 1943). 11 – (Riban, 1864; Riban, 1867). 12 – (Perkin, 1900). 
13 – (Escribano-Bailon et al., 2002). 14 – (Wei et al., 1998). 15 – (Shen et al., 2004). 16 – (Zhao et al., 2012). 17 
– (Wang et al., 2016). 18 – (Rai et al., 2005). 19 – (Shen et al., 2006). 20 – (Yang et al., 2011). 21 – (Valencia et 
al., 2001). 22 – (Reyes et al., 1980). 23 – (Aguirre-Galviz, 1987; Aguirre-Galviz, 1990). 24 – (Aguirre-Galviz, 





A2.2. Results and discussion 
Sample selection 
One of the most important considerations in a chemotaxonomy investigation, is sample 
selection. When screening for bioactivity, or for the presence of specific metabolites, 
virtually any plant sample or extract may be included. However, when the purpose of 
the analysis is to provide an accurate representation of a species, then more attention 
must be given to the sample set. Firstly, the samples included must be unequivocally 
identified as belonging to the species of interest, which typically requires consultation 
with botanical experts. It is also important to have a reasonable number of replicates for 
each taxon, as plants of the same species may not have identical secondary metabolites. 
In addition to this, plants of the same species should be collected from a variety of 
geographical locations, to ensure that any observed differences between collections are 
genetically, rather than environmentally, determined. Other factors that may affect the 
chemistry of the samples must also be controlled, or at least accounted for. The specific 
plant tissue sampled, as well as how long, and in what manner the sample has been 
stored, should also be considered. Under ideal circumstances, multiple Coriaria plants 
would be simultaneously collected at a similar stage of development from a variety of 
geographical locations, and each plant part individually analysed using identical 
procedures. Given that the Coriaria genus spans not only New Zealand, but virtually the 
entire globe, this was obviously not possible for this study (Yokoyama et al., 2000). 
Analysis of herbarium voucher specimens is one way in which the difficulties associated 
with extensive sample collection can be overcome. Voucher specimens are dried, 
pressed plant samples that are stored at Herbariums to provide a record of the 
collection for future reference (Rasmussen and Pedersen, 2017; Shepherd, 2017). While 
the analysis of these plants is convenient, and circumvents the challenge of extensive 
collections, it also presents other challenges. Voucher specimens are part of a valuable 
botanical record, therefore only small portions may be removed for analysis. This 
typically means sampling is limited to a single leaf, as roots are not commonly included 
in the voucher. The collection dates of the vouchers may also span several decade, or 
even centuries, meaning the storage time can vary greatly between samples 




chemotaxonomic investigations of New Zealand’s native plants, have shown that useful 
results may be obtained from these specimens. For example, a study of 
phenylanthraquinones in the disjunct Bulbinella genus was achieved using small scale 
(10 mg) extracts of vouchers (Richardson et al., 2017). In a similar vein, antimicrobial 
triketones have been identified in manuka (Leptospermum scoparium) collected by 
botanists aboard Captain Cook’s Endeavour almost 250 years ago (Sansom et al., 2019). 
An appropriate set of Coriaria vouchers was chosen from the University of Otago (OTA), 
Plant Extracts Research Unit (PERU) and Allan (CHR) herbariums. Taking into account 
the previously discussed considerations, 62 voucher samples were selected for 
inclusion in the chemotaxonomy study (Table A2.3). Each of the eight recognised New 
Zealand species, as well as a selection of non-natives, were represented by multiple 
vouchers. The only notable weakness in this sample set was that some species were 
only represented by specimens collected in a small geographical region, but in several 
cases this was simply a reflection of the species limited distribution (Table A2.3). 
Table A2.3. Vouchers included in Coriaria chemotaxonomy investigation 
Voucher Code Species Collection Location 
PERU020126-02 C. angustissima Whale stream, Ben Ohau Range 
PERU010228-10 C. angustissima Wairau valley, Hells gate 
OTA026657 C. angustissima Southland 
OTA028846 C. angustissima Dansey pass, Naseby 
OTA020907 C. angustissima Emily pass, Routeburn, Mt Aspiring 
PERU921028-22 C. arborea Lake Ellery, W. Coast 
PERU990327-23 C. arborea North West Nelson 
PERU050708-02 C. arborea Not recorded 
OTA001886 C. arborea Waikato, R. Tuakau 
OTA017989 C. arborea Fiordland 
OTA001888 C. arborea Auckland 
CHR491817A C. arborea var. kermadecencis Denham Bay, Raoul Island 
CHR193732 C. arborea var. kermadecencis Raoul crater 
CHR399383 C. arborea var. kermadecencis Raoul Island 
CHR399357 C. arborea var. kermadecencis Denham Bay, Raoul Island 
CHR193733 C. arborea var. kermadecencis Raoul crater 
CHR344658 C. japonica Yiuci Kadota, Japan 
CHR423584 C. japonica Mt Mitsutoge-yama, Japan 
CHR238904 C. japonica Oodawa, Mt Fugii, Japan 
CHR552454 C. kingiana Auckland, Waikaka stream 
CHR192343 C. kingiana Gisborne-Napier State Highway 
CHR402227 C. kingiana Kaweha Ra, Hawkes bay region 




CHR312217 C. kingiana Bald Hill Rd, Turakina, Taihape 
OTA018862 C. papuana Mt Wilhelm, New Guinea 
OTA046323 C. ruscifolia Valean, Osomo, Chile 
CHR392221 C. ruscifolia Samoa 
CHR394965 C. ruscifolia Tahiti 
CHR563877 C. ruscifolia Chile 
OTA023962 C. lurida Siberia Va. Wilkin Ra. Mt Aspiring 
CHR619890 C. lurida Siberia Va. Wilkin Ra. 
CHR331615 C. lurida Te Anau, Fiordland 
CHR043662 C. lurida Pamahaka river, Otago 
CHR403949 C. myrtifolia Spain, Prov. Castellon 
CHR451237 C. myrtifolia Mt. Monferrer (Barcelone) 
CHR451238 C. myrtifolia Mt. Monferrer (Barcelone) 
CHR536867 C. nepalensis Nepal, Solu Khumbu, Beni Valley 
CHR529313 C. nepalensis Nepal, Manang, Masiandri Valley 
CHR622149 C. plumosa Mt Hikurangi, North Is. NZ 
PERU960214-27 C. plumosa 25mile hut, Rees valley, Beech forest 
OTA020731 C. plumosa 5 Fingers Ra. Mt Aspiring 
OTA00468 C. plumosa Tekapo 
OTA018124 C. plumosa Tutoko Saddle, Fiordland 
OTA044457 C. plumosa W. Merchison Mts, Lake Hilda 
OTA028743 C. plumosa x sarmentosa Mt Aspiring 
OTA028701 C. plumosa x sarmentosa Mt Aspiring 
OTA003297 C. plumosa x sarmentosa Skippers Creek, Left branch 
OTA003299 C. plumosa x sarmentosa Skipper Creek, left branch 
PERU050715-01 C. pottsiana Not recorded 
PERU051104-02 C. pottsiana Dunedin Botanical Gardens 
CHR60413 C. pottsiana Hikurangi 
CHR342578 C. pottsiana Mangatapere 
CHR535445 C. pottsiana Hukutaia domain, Gisborne 
CHR69812 C. pteridoides Desert Rd, Makihi Stream, Tongariro 
CHR71248 C. pteridoides Mt Taranaki 
CHR65294 C. pteridoides S. Ruahines 
CHR519179 C. pteridoides Waimakariri, Canterbury 
PERU960214-21 C. sarmentosa 25 mile hut, Rees valley, Beech forest 
OTA001882 C. sarmentosa Dunedin Hillsides 
OTA001884 C. sarmentosa Lake Wanaka 
OTA003913 C. sarmentosa Cascade Creek, Fiordland 
OTA059992 C. sarmentosa Wairau 
Analysis 
Prior to the extraction and analysis of the voucher specimens, a series of method 
validation experiments were conducted. The purpose of these experiments was to gain 




validity of using vouchers in place of whole plant extracts. Tests comparing vouchers to 
bulk collections, assessing the variation within a single voucher, and examining the 
experimental error, were designed and carried out. These studies were primarily 
conducted on C. arborea and were based on the quantification of tutin. However, it was 
found that the sensitivity of the LC-MS system used was not sufficient to obtain 
quantitative results on these extracts (Instrument E, method I). This was later found to 
be consistent with previous attempted analyses of tutin on this instrument (Pers. comm. 
Oliver Watkins (Watkins et al., 2018)). While the quantitative data from these 
experiments cannot be relied upon, the fact that tutin was detected in small scale 
extracts of C. arborea vouchers, is a positive indication that this methodology is viable 
for the chemotaxonomic investigation.  
Given the limited availability and poor sensitivity of the LC-MS facilities available, an 
alternative instrument (Instrument F, method I), located at Plant & Food Research in 
Lincoln, was utilised for further analyses. Small scale (approx. 10 mg) EtOH extracts of 
each voucher specimen were analysed by LC-MS, alongside standards of tutin, 
hyenanchin and quercetin. Samples were run in both positive and negative ion mode to 
give the best representation of the metabolites present in these samples.  
Chemistry of Coriaria 
In order to compare the chemistry of the Coriaria species, LC-MS data were processed 
using the Compound DiscovererTM software package. This post-run processing method 
identifies the mass and retention time associated with every peak in each 
chromatogram, and uses this data to assess the variation between samples. While the 
identity of the compounds responsible for these peaks is not known, the results provide 
a way in which to compare the overall chemistry of each specimen. To interpret these 
results a Principal Components Analysis (PCA) was completed (Esbensen, 2005). In 
short, PCA reduces the dimensionality of the data to orthogonal principal components 
and then groups co-varying features, in this case chromatographic peaks. The simplest 
output is given in the form of a scores plot. This takes the form of a 2D Cartesian plane 
of the first two principal components, PC-1 and -2, and summarises the data set; 
samples that are clustered together are said to be closely related (Esbensen, 2005). The 





Fig. A2.3. Scores plot generated from LC-MS analysis of Coriaria voucher specimens.  
 
The first thing that should be noted when examining this score plot is that the standards 
are also included. The quercetin, hyenanchin and tutin standards are clustered to the 
right of the plot as they each contain only a single metabolite (Fig. A2.3). The most 
important observation that can be made from this analysis, is that the vast majority of 
samples fall in roughly the same area of the plot. This pattern indicates that the 
interspecies variation is similar to the intraspecies variation. In other words, there is 
very little difference between in the chemistry of the 15 Coriaria species analysed. This 
observation is reinforced by the low percentage of variation that is explained by these 
two principal components, 4.5 and 4.8% respectively (Fig. A2.3)(Esbensen, 2005). Had 
differences between species been more pronounced, these axes would account for a 
larger portion of the variation. 
While the majority of samples were very closely related, several species were notably 
removed from the main cluster. Both C. nepalensis specimens were observed at more 
negative coordinates than other samples, in both PC-1 and -2 axes (Fig. A2.3). In order 
to determine which chromatographic features were responsible for this difference a 
loadings plot was used (Esbensen, 2005). Examination of this plot suggested that a 
selection of peaks at a retention time of 11-13 min were the primary point of difference 
in the C. nepalensis extracts. None of the molecular ions associated with these peaks 
were matched with the any of the picrotoxanes listed in Table A2.1. The other species 
slightly removed from the main cluster, although not to the extent of C. napelensis, was 
C. japonica. In a similar fashion to C. nepalensis the loadings plot indicated that several 
peaks at 5-6 min were the main point of difference, but these masses were not 
consistent with any known picrotoxanes of Coriaria (Table A2.1). Without further 
investigation it is impossible to know the identity of the metabolites that are causing the 
observed variation. 
The results of this analysis are only somewhat consistent with the established 
phylogenetic relationships (Yokoyama et al., 2000). While there are four distinct 
geographical groups (Europe, Asia, South America, and the Pacific), it is thought that 
these species fit into two categories based on analysis of their DNA. European (C. 
myrtifolia) and Asian (C. japonica, C. nepalensis) species make up the first of these 
groups, and are thought to be closely related to the original progenitor species from 




Pacific Island (All NZ natives and C. papuana, Table A2.3) species, which are more 
closely related than their geographical location suggests. DNA evidence indicates the 
divergence of these species from Eurasia is the result of several different migrations 
(Yokoyama et al., 2000). Despite the identification of two distinct groups based on 
genetic evidence, LC-MS analyses have now revealed that there is very little difference 
in the chemistry of the Native New Zealand Coriaria species. The two species with 
notably different chemistry were the international specimens, C. nepalensis (Nepal) and 
C. japonica (Japan). The separation of these Eurasian species from the cluster of NZ 
natives suggests that the genetic differences may correlate with a difference in 
chemistry. However, another Eurasian species included in the study, C. myrtifolia 
(Spain), was chemically indistinguishable from the native New Zealand species. It is 
clear from these analyses that despite the vast differences in geographical location, and 
environmental conditions experienced, the Coriaria genus have retained a remarkably 
similar chemical fingerprint.  
Quantification of tutin 
In addition to the previously described comparisons of overall chemistry, several 
specific metabolites were quantified in each specimen. These were the known 
picrotoxanes tutin and hyenanchin. Unfortunately, no standards of the tutin glycosides 
or coriamyrtin were available for incorporation in this study. Despite being a known 
component of C. arborea, as well as several other native Coriaria species, hyenanchin 
was not detected (<1 μg/mL) in any of the voucher extracts analysed. However, tutin 
was detected and successfully quantified in all samples (Fig. A2.4.). This result is 
consistent with previous analyses of C. arborea leaf which found tutin was presented at 
approx. 30x the concentration of hyenanchin (Watkins et al., 2018). Tutin was detected 
at higher concentrations in this experiment compared to previous analyses (1.3 vs. 0.4 
mg/g DW) (Fig. A2.4). This result is likely to be the result of different extraction and 
analysis methodology, as well as the nature of the plant material itself. A voucher 
sample stored for many years in a closely controlled environment, may have 
significantly lower moisture content than an air dried collection of fresh leaves, thus 
leading to higher concentrations based on dry weight. Other New Zealand Coriaria 




plumosa the lowest. This is consistent with previous investigations that have identified 
this metabolite in New Zealand Coriaria (Lowe et al., 1972; Watkins et al., 2018). 
 
Fig. A2.4. Concentration of tutin in each on the Coriaria species analysed. Number of 
vouchers analysed for each species is in brackets.  
Interestingly the non-native Coriaria species were found to contain some of the lowest 
tutin concentrations (Fig. A2.4). C. japonica, C. myrtifolia (both 0.3 mg/g DW), and C. 
nepalensis (0.7 mg/g DW), all belong to the Eurasian group. Although tutin is a known 
component of these species, they are primarily known for their coriamyrtin content, but 
quantitative analyses of these metabolites have not been reported (Kariyone and Sato, 
1930; Okuda, 1954; Reyes et al., 1980; Rai et al., 2005; Gossinger, 2010). Conversely, 
coriamyrtin has only been identified in one of the Pacific-American species (C. 
ruscifolia)(Table A2.2) (Reyes et al., 1980). These results suggest that the two groups of 
Coriaria species may be differentiated based on the major toxic component, the 
Eurasian species favouring coriamyrtin and the Pacific-American species favouring 
tutin. This apparent difference in picrotoxane profile is an interesting hypothesis which 































In an attempt to gain further insight into the picrotoxane profile of the species included 
in this analysis a mass search was performed. This was conducted by searching the LC-
MS data for peaks with an exact mass that matched any of the known picrotoxanes 
listed in Table A2.1. Matches for all the masses listed were found, but these results were 
not necessarily valuable. Most of the matches were peaks of very low intensity, and in 
many cases the same mass was detected at multiple retention times in the same sample. 
With no standards to provide a reference, or MS2 data for further identification, it was 
impossible to assign any of these minor signals as picrotoxanes. The fact that the 
majority of these matches were of very low intensity may be explained by several 
factors. Firstly, voucher specimens are stored for long periods of time and these 
metabolites may be susceptible to degradation. Secondly, the identification of the 
picrotoxanes listed has typically been achieved via a large scale extraction and isolation 
(Kariyone et al., 1930; Kariyone et al., 1937; Aguirre-Galviz, 1987; Reyes et al., 1998; 
Valencia et al., 2001; Shen et al., 2004; Kinoshita et al., 2005; Zhao et al., 2012). In many 
cases <5 mg of pure compound has been isolated from kilograms of dry plant material, 
indicating that these are not major secondary metabolites of Coriaria. Lastly, these 
extractions are often of whole plants, including roots, while voucher extracts were only 
of leaves.  
The only match that was tentatively assigned as a picrotoxane was that of coriamyrtin. 
While multiple matches for this exact mass were identified, one was much more 
promising than the others. This peak had a retention time of 3.7 min, which fell between 
tutin (4.4 min) and hyenanchin (1.7 min). Additionally, the two matches identified for 
this peak were of much greater intensity than other matches for both coriamyrtin and 
other picrotoxane masses. The two species in which this peak was identified were C. 
japonica and C. myrtifolia. This was not only consistent with previous reports of 
picrotoxanes from these species, but also the hypothesis that species lacking tutin were 
likely to contain higher concentrations of coriamyrtin and vice versa (Table A2.2) 
(Riban, 1864; Kariyone and Sato, 1931). However, it should be emphasised that the 
identification of coriamyrtin is only tentative and confirmation would require analysis 





The aim of the work presented in this appendix was to assess the chemistry of the 
Coriaria genus with an emphasis on the picrotoxanes. LC-MS analyses and subsequent 
data processing revealed that the New Zealand Coriaria species had very similar 
chemical fingerprints, a fact which had been implied, but not demonstrated, in previous 
reports of Coriaria (Lowe et al., 1972; Yokoyama et al., 2000; Watkins et al., 2018). This 
result was exemplified by the lack of variation observed in the PCA scores plot, as well 
as the quantification of tutin as the major picrotoxane in all 8 native species. 
Comparisons between the native and international Coriaria species were less 
conclusive, partly due to the more limited selection of samples. While the overall 
chemistry of C. nepalensis, and to some extent C. japonica, was different to the New 
Zealand species, C. myrtifolia was seemingly closely related to the New Zealand natives. 
These results do not align with the distinct trends revealed by previous genetic 
investigations, which suggest the Eurasian and Pacific species belong to separate groups 
(Yokoyama et al., 2000). However, the low concentration of tutin in both C. nepalensis 
and C. japonica, combined with the tentative identification of coriamyrtin as a major 
picrotoxane in the same species, suggests that the groups may be differentiated by these 






See Chapter 2, Section 2.4. 
LC-MS Analyses 
E) The LC-MS system consisted of a Dionex Ultimate 3000 LC system linked to a Bruker 
microTOFQ mass spectrometer using an electrospray ionisation source. 
I. A Phenomenex (Luna C18, 100 x 2 mm, 3 μm, 100 Å) column equipped with 
C18 guard cartridge was eluted with a mobile phase of A: H2O + 0.1% ammonium 
formate and B: MeOH. An injection volume of 5 μL and flow rate of 0.2 mL/min 
were used. The gradient was as follows: 0-3min (10-30% B), 3-8 min (30-100% 
B), 8-13 min (100% B), 13-14 min (100-10% B).  
F) The LC-MS system was comprised of a Thermo Scientific (San Jose, CA, USA) Q 
Exactive Plus Orbitrap (HR/AM) LC-MS/MS coupled to a Vanquish UHPLC system. 
I. The column and method were the same as for Instrument E, method I. 
Plant material 
All plant material was collected from voucher specimens at the Plant Extracts Research 
Unit (PERU), Allan (CHR) and Otago University (OTA) herbariums. Specific voucher 
codes are listed in Table A2.3.  
Extraction procedure 
Plant material (approx. 10 mg) was frozen under liquid N2, ground to a powder with a 
pestle and mortar, and extracted with EtOH (100 μL) by shaking overnight. Samples 
were filtered with 0.22 μm PTFE syringe filters prior to analysis by LC-MS. 
 
